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Intensive research in the area of enzyme technology has provided many 
approaches that facilitate the practical implication of enzymes at large scale including 
clinical diagnostics, industrial applications, biosensors, analysis of environmental 
pollutants, immobilized enzymes and in the treatment of wastewaters. 
Ammonium sulfate fractionated proteins of bitter gourd were precipitated using 
jack bean extract as a source of concanavalin A. Concanavalin A-bitter gourd peroxidase 
complex retained nearly 86% of the original activity. This complex was entrapped into 
calcium alginate-pectin gel. Entrapped concanavalin A-peroxidase complex retained 51% 
of the original activity. Soluble and immobilized enzyme preparations exhibited 
maximum activity at 40 °C and pH 5.5. Concanavalin A-peroxidase complex and 
entrapped concanavalin A-enzyme complex retained greater fraction of catalytic activity 
at higher temperatures as compared to soluble enzyme. Soluble enzyme lost nearly 60% 
of its initial activity after 2 h incubation at 60 °C whereas entrapped concanavalin A-
enzyme complex retained about 75% activity under identical incubation conditions. 
Soluble and concanavalin A-enzyme complex lost nearly 50% and 40% of initial activity 
after exposure to 4.0 M urea for 2 h, respectively. However, entrapped concanavalin A-
peroxidase complex was quite resistant to urea induced inactivation and retained nearly 
80% of its initial activity under identical experimental conditions. Soluble enzyme 
retained only 23% of its original activity on exposure to dioxane {60%, v/v) while 
concanavalin A-bitter gourd peroxidase complex and entrapped concanavalin A-bitter 
gourd peroxidase retained 26% and 43% of their initial activity, respectively. Soluble 
peroxidase upon exposure to dimethylformamide (60%, v/v) resulted in a loss of 94% of 
its initial activity while concanavalin A-enzyme complex and entrapped concanavalin A-
enzyme retained 29% and 32% of original activity, respectively. Entrapped concanavalin 
A-enzyme retained 42% and 36% of its initial activity in the presence of 5.0%o (v/v) 
Triton X-100 and Tween-20, respectively. These results showed that the alginate-pectin 
entrapped concanavalin A-peroxidase preparation exhibited significantly higher stability 
against physical and chemical denaturants as compared to concanavalin A-enzyme 
complex and its soluble counterpart. Thus, entrapped enzyme preparations due to their 
significantly higher stability could be exploited for developing bioreactors for the 
treatment of aromatic pollutants present in wastewater derived from various agricultural 
and industrial activities. 
An inexpensive inorganic support, Celite 545 has been employed for the direct 
adsorption of ammonium sulphate fractionated white radish proteins. In order to prevent 
the desorption of enzyme from the support, the adsorbed preparation was crosslinked by 
0.5% glutaraldehyde for 2 h. The activity yield for white radish peroxidase adsorbed on 
Celite 545 was 70% and it was reduced to 60% after crosslinking by glutaraldehyde. The 
pH and temperature-optimum for both soluble and immobilized peroxidase was at pH 5.5 
and 40 °C. Immobilized peroxidase retained higher stability against heat and showed 
64% activity at 80 °C while soluble white radish peroxidase retained only 47% activity at 
this temperature. Incubation of soluble enzyme at 60 °C for 2 h resulted in a loss of 78% 
of its initial activity whereas immobilized peroxidase retained 44%) of the original activity 
under identical incubation conditions. Crosslinked Celite 545 adsorbed peroxidase 
exhibited an enhancement in the activity of enzyme to 165%, 130% and 124%) on 
exposure to 10% (v/v) water-miscible organic solvents; dimethylsulfoxide, 
dimethylformamide and «-propanol for 1 h. Immobilized peroxidase retained 41%) of its 
initial activity in the presence of 5.0 mM mercuric chloride whereas the free enzyme lost 
nearly 93%) activity under identical exposure. Soluble enzyme lost 61%) of its initial 
activity while the immobilized peroxidase retained 86%) of the original activity on 
exposure to 0.02 mM sodium azide for I h. The Km values were 0.056 mM and 0.07 mM 
for free and immobilized enzyme, respectively. Adsorbed and crosslinked peroxidase 
exhibited lower Vmca as compared to the soluble enzyme. The immobilized peroxidase 
retained 60% of the original activity after a period of 40 d storage at 4 °C whereas the 
soluble enzyme exhibited only 17% activity under identical storage conditions. After 6"^  
repeated use, immobilized enzyme retained 51% of the original activity. On the basis of 
significantly higher stability offered by immobilized peroxidase against various types of 
denaturants, it can be concluded that such immobilized enzyme preparations can be used 
for the treatment of organic contaminants present in industrial effluents. 
Decolorizadon of water-insoluble disperse dyes; Disperse Red 17 and Disperse 
Brown 1 was performed by using salt fractionated bitter gourd proteins in the presence of 
hydrogen peroxide. Effect of nine different redox mediators; 2,4-dichiorophenol, 
bromophenol, guaiacol, l-hydroxybenzotriazole, w-cresol, quinol, syringaldehyde, 
violuric acid and vanillin on decolorization of disperse dyes by bitter gourd peroxidase 
has been investigated. Among the redox mediators, l-hydroxybenzotriazole was found to 
be the most effective mediator in decolorization of these dyes by peroxidase. Bitter gourd 
peroxidase (0.36 U mL'') could decolorize Disperse Red 17 maximally 90% in the 
presence of 0.1 mM l-hydroxybenzotriazole while Disperse Brown 1 was decolorized to 
65% in the presence of 0.2 mM l-hydroxybenzotriazole. Maximum decolorization of 
dyes was obtained in the presence of 0.75 mM hydrogen peroxide within 1 h of 
incubation at pH 3.0 and temperature 40 °C. Disperse Red 17 and Disperse Brown 1 dyes 
were decolorized to 90% and 65% within 1 h in batch process, respectively. The 
applications of such enzyme plus redox mediator systems may be extendable to other 
recalcitrant and water insoluble synthetic dyes using novel redox mediators and 
peroxidases from new and cheaper sources. 
Celite 545 adsorbed white radish peroxidase has been employed for the treatment 
of reactive dyes; Reactive Red 120 and Reactive Blue 171. A comparative study on 
decolorization of these dyes by soluble and immobilized peroxidase was made. 
Maximum decolorization of the dyes was observed in the presence of 0.4 U mL"' of 
soluble and immobilized enzyme. Effect of different redox mediators; 1-
hydroxybenzotriazole, syringaldehyde, veratryl alcohol and violuric acid on the 
peroxidase catalyzed decolorization of reactive dyes has been investigated. The studied 
dyes were decolorized to different extents in the presence of these mediators. However, 
0.4 mM l-hydroxybenzotriazole was found to be most effective in decolorizing Reactive 
Red 120 to 66% and 79% while Reactive Blue 171 was decolorized to 60% and 74% by 
soluble and immobilized peroxidase, respectively. Maximum decolorization of the dyes 
was observed at pH 5.0 and 40 °C within 1 h. Comparative operational stability of 
soluble and immobilized peroxidase was examined in the presence of various denaturing 
and inhibiting agents. Decolorization catalyzed by immobilized enzyme was more 
resistant to inactivation caused by 5.0 mM mercuric chloride; decolorization observed for 
Reactive Red 120 was 74% and 57% for Reactive Blue 171. White radish peroxidase 
exhibited significantly higher affinity for Reactive Red 120 among the investigated dyes. 
Toxicity of the dyes and decolorized product was tested by Allium cepa test. Immobilized 
peroxidase decolorized dyes more effectively in batch process; decolorization by 
immobilized white radish peroxidase was continuously increased up to 120 min and it 
reached to 89% for Reactive Red 120 and 81% for Reactive Blue 171. Absorption spectra 
of treated and untreated dye solutions had a marked difference. Efficiency of 
immobilized peroxidase was checked in a continuous reactor system where the 
immobilized enzyme exhibited 73% decolorization of Reactive Red 120 after 1 month of 
continuous reactor operation. On the basis of these findings, it can be concluded that 
immobilized white radish peroxidase has more potential in the decolorization of dyes in 
the presence of sodium azide, mercuric chloride and organic solvents. Immobilized 
peroxidase was better suited for the decolorization and removal of colored pollutants 
from dye solutions in batch process as well as in a continuous reactor. The enzymatic 
decolorization of reactive dyes in a continuous system has very rarely been studied. 
These observations thus pointed out the novelty of the results obtained in this area. Hence 
a reasonable basis is provided for the large scale application of white radish peroxidase 
for the treatment of textile effluents owing to its easy availability, inexpensive nature and 
efficiency at low concentrations. 
Calcium-alginate pectin entrapped bitter gourd peroxidase has been employed for 
the treatment of disperse dyes; Disperse Brown 1 and Disperse Red 17. Peroxidase alone 
was unable to decolorize Disperse Red 17 and Disperse Brown 1. However, the 
investigated dyes were decolorized significantly by bitter gourd peroxidase in the 
presence of 0.2 mM redox mediator, violuric acid. Maximum decolorization of the dyes 
was observed at pH 3.0 and 40 °C within 2 h of incubation. Immobilized peroxidase 
decolorized Disperse Red 17 98% and Disperse Brown 1 71% in batch processes in 90 
min. Immobilized enzyme decolorized 85% Disperse Red 17 and 51% Disperse Brown 1 
whereas decolorization by soluble enzyme dropped to 48% for Disperse Red 17 and 30% 
for Disperse Brown 1 at 60 °C. Bitter gourd peroxidase exhibited significantly higher 
affinity for Disperse Red 17 as compared to Disperse Brown 1. It has been shown by 
fourier transform infrared and ultraviolet-visible spectral analyses that the investigated 
dyes were degraded after treatment by peroxidase. Toxicity of treated samples was tested 
by Allium cepa test. There was a remarkable decrease in the peaks of treated dyes in both 
ultraviolet and visible regions as compared to control dyes. On the basis of these findings. 
it can be concluded that immobilized peroxidase from bitter gourd has more potential in 
the decolorization of dyes even at higher temperatures. Entrapped peroxidase was better 
suited for the decolorization/removal of colored compounds from dye solutions in batch 
processes. 
Calcium alginate-starch entrapped bitter gourd peroxidase was used for the 
treatment of a textile industrial effluent in batch as well as in continuous reactor. The 
textile effluent was recalcitrant to decolorization by bitter gourd peroxidase and thus 
its decolorization was examined in the presence of a redox mediator, 1-
hydroxybenzotriazole. Immobilized enzyme exhibited the same pH and temperature-
optima for effluent decolorization as attained by soluble enzyme. Immobilized enzyme 
could effectively remove more than 70% effluent color in a stirred batch process after 3 h 
of incubation. Entrapped enzyme retained 59% effluent decolorization reusability after its 
lO"^  repeated use. The two-reactor system containing calcium alginate-starch entrapped 
enzyme retained more than 50% textile effluent decolorization efficiency even after 2 
months of its continuous operation. The absorption spectra of the treated effluent 
exhibited a marked difference in the absorption at various wavelengths as compared to 
untreated effluent. The use of a two-reactor system containing immobilized enzyme and 
an adsorbent will significantly be useful for the treatment of industrial effluents at large 
scale and it would be helpful in cleaning polluted water. Thus, it could be concluded that 
the system employed here was highly suitable for use in dye decolorization. This system 
was quite simple to operate; the oxidation and removal of colored pollutant via this 
double reactor could be performed without any problem and the reactor prepared with 
such immobilized enzyme preparation could be continuously operated for longer 
duration. Henceforth, it provided a clear evidence regarding the suitability of such 
systems for application of immobilized enzymes at large scale for the treatment of water 
polluted with colored industrial effluents. 
APPLICATIONS OF SOLUBLE AND IMMOBILIZED 
PLANT PEROXIDASES IN THE DECOLORIZATION 
AND REMEDIATION OF TEXTILE DYES 
FROM POLLUTED WATER 
- '- THESIS ^ 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
DOCTOR OF PHILOSOPHY 
IN 
BIOCHEMISTRY 
» * - ^ **' 
\ 
\ 
^ ^ B Y 
RUKHSANA SATAR nvT-^ 
r 
DEPARTMENT OF BIOCHEMISTRY 
FACULTY OF LIFE SCIENCES 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH ( INDIA) 
:0]0 
0 6^^^ 
2QA2 
Fed in Compulei 
T7357 
(®) 
To 
My Parents 
With Love 
0 m 
Ptnott « (INT) Office—29 
CSuinnaa'i Cbcmibcr-29. 
Ext <0S7I)2700741 
Tcln I M4-230 AiMU IN 
I^EUPJLRTMJEUNT O K R I O C H S M I S ' X ' R Y 
FACULTY OF LIFE SCIENCES 
ALIGAKU MUSLIM UNIVERSITY 
ALiGARH-2e2 902 (INDU) 
DatBdJii'^?.:3jl2„, 
Certificate 
This is to certify that the thesis entitCed "JlppRcations of soCuBte and 
immoBiRzedpCant peroxidases in the decohnzation and remediation of textile dyes 
from polluted water" deing suSmitted 6y ^^ti^ana Satar to JLCigarh MusCim 
University, _^[igarh, for the award of the degree of (Doctor of <PfiUosopfiy in 
(Biochemistry is a record of Sonafide research vjor^ carried out By her. She has 
wo rlied under my guidance and supervision and has fuCfdCed aCC the requirements for 
the suSmission of this thesis. 
The resufts contained in this dissertation have not 6een suhmitted in part or 
infuCfto any other University or Institute for the award of any degree. 
(Prof. iHiisain 
(Supervisor) 
pAt^ t» iecfi we ^ oU^ t^nwtf^ tAu& Md t^ ffit t^ McamfilUiiuMt^ o^ t4ii ettdeawwi... 
!Konotific is tHepkasure of ac^mwkdging the eo^elknt guidance and kind support of my 
supervisor, <Prof. Qayyum Husairu It was a great privilege to wor^ under the brightness of his 
supervision and encouragement that has indeed inculcated in me a more disciplined and 
enthusiastic attitude to treasure each moment and every opportunity. Mrs. Mumtaz (Begum is 
equally ackriowkdged. 
I ej(tendmy sincere gratitude to <ProfXK%j tousufi and (Prof S.M. Hadi, Chairman 
and'ExrChairman, (Department of (Biochemistry, JUMV, J^C^arh, for providing all the necessary 
facilities to the department. 
I am indebted to alfthe teachers of my department who (right from my <B.Sc.) lovingfy 
introduced me to the fascinating world of (Biochemistry. ^MV being the platform from where I 
(earned to waC^step by step during my stay of 9 long years, could at any cost not be ey^cCuded 
from being ac^owkdgedfor sprin^ng every path that I foUbwed with the stars of memorable 
experiences which have smoothly and peacefully taught me the wonderful lessons of life. SirSyed 
^hmadXhan is than^lly remembered for sowing the seeds of learning in the Chaman ofj^MV. 
(Deep gratitude is for my childhood teacher and founder, Sir 9A.aqbool-ur-(R§hrtuLn, who 
laid the foundation of my ^rufergarten, La (Phare public School, Sopore, %(ishmir, from where I 
started my footsteps towards exploration of the universe of learning. 'Entire teaching and non-
teaching staff of this first school of mine is ac^owledgedfrom the core of my heart. 
I shaff always be indebted to (Dr. ^hid (Jahan Ji), (Prof HabibuOah Wani (my 'English 
tutor) andMeena (Di whose dyrumism and valuable guidance directed me to follow the path for 
seeing whatever little knowledge I am blessed with. I am thankful to my "oldgoldfrierufs" 
Muneera, Kjilsoom and^nfa for always being there for me inspite of being out of sight. 
I am highly grateful to ®r. Jlmjad, (Dr. JLriyavarasu, (Dr. 'Yasha, ®r. Suhail, and (Dr. 
JAiman for being very helpful and supportive seniors. It is of utmost concern to gratefully 
acknowledge (Dr. Mahreen and(Dt 'Toshiba for being so loving and concerned seniors who always 
used to stand behind and lend their helping hand along mth their encyclopedic advices. 
I am cordially grateful to my lab-mates and am really short of words to thanks my 
colleague, Zoheb, for being ever ready to help. It was a treasured pleasure to work^with him. I am 
very thankful to my talkative juniors, Hurrmira and Shakeel, who very often used to make our 
hectic schedule entertaining and enjoying by their informative discussions, iheir non-stop talks on 
diverse topics are really worth 100 million dollars. Tarheen arulZaheer are equally acknowledged. 
I appreciate the broadening scientific discussions throughout the workjvith aS^ of them. 
I owe my heartfelt thanks to ad other seniors (^yesha, Shubha, 9dedha, Sabika, Jfishtha, 
Vzma, Jiusaf, Jilani, Sarmad, Shams, Shahnawaz, 'Waseem) and talented juniors (Jimit, (Bilal, 
(R^yees, Taqi, Iftekfiar, Sandesh, !Nida, IQiiser, Husain, Haseeb, (Rpuf Shoa, Shafqat, Sahabzada, 
Zeeshan, Zakjr, Tahad) Jishreeb and Shirin have been very supportive juniors and extremely 
wonderful room-mates for 1 month in S% 
I am thankful to Mr Zubairi, Mr. (Dilshad, Mr. Jiqil, Mr. (^dir, Mr J^nsaar, Mr. Jlrif 
Mr 'Yousuf Mr Salim, Mr Shahanshah, Mr Manzar, Mr !Nbor, Mr Tahir and Mrs. Shahnaaz 
for their co-operation without which it was difficult to complete my work-
^ ^ 
^ ^ 
/4c&tMtdeel^emettt 
^ speciaC mention of my adbra6(e friends and Satchmates is required. 'EacH one among 
them Seing extra special; they are the ones from whom I have (eamt a lot. VncountaSk than^ to 
<Binish and'Fauziya ^or always Being in constant contact through long and interesting e-mails 
and phone calls; paying special concern to my proBlems), (Riizina, Sana HaSiS, Sana %jian (for 
always ma^ng me feel at home By their support and caring concern; I am really going to miss all 
the occasions especially 'EI<DS, which I always used to celeBrate with their adoraBle families 
along with the unique and delicious cuisines), ^aCiya (for her supportive company along with 
long, refreshing and discussive evening wal^ of(BSJ} Samia, TaBish andVmra (for all the rare 
days that we spent together)Jishraf, Tahad, TahaduHah, ^fay, (R^ghav (for often showering me 
with constructive comments and ep(ceptional co-operation that I shaff always cherish), Saif (for 
Being a quic^and constant source of research papers along with free informative chats), ^ tif (for 
his decent andsensiBle talk§ and I really enjoyed wishing him "Birthdays" very often), ^ jaz, Jlsif, 
(Bilal, 'Faisal, !Haider, !Naushad, Shazi, Sheema, Tariq, "KjiBeer and Qamar. Jill of them have made 
my years injlltgarh very memoraBle. 
I warmly and specially than^ (Ruzina and her family (Saeed Vncle, Ishrat Aunty, 
'Rphina, <RiiBina, Tatima, Jlmina, !KaBil, A-dnan, Vmar and Zaifu) for each and every pain they 
endorsed for me during my prolonged stay inJAHgiiTh. I am fortunate enough to own a comrade 
Ci^ her without the support of whom it would have Been very difficult to manage. The entire 
families of Sana TlaBiB (especially jAunty, Sehar, Samar, Sara, Salwa, Soha and, of course, the 
^ds) and Sana 'Kfian (especially !Nani andjiunty) have Been so ^nd and friendly that is difficult 
to put into words. These people addedCife to my life inJiBgarB. 
Other people who very valuaBly supported me and to whom I owe immense than^ are 
SheeBa <Di and her family, (Dr. !Nuzhat and (Dr. (^uncha (for always Being so concerned and 
treating me li^ a younger sister), ^ ulshan and (Dr. Jiiman (for Being ej(celknt hostel-mates and 
all their treasured care and concern), ghazala, ShaBina, Sadaf Jifsana, Zarrein, and '^ushan 
(for Being very nice room-mates in different hostels) gousia and(i(pshan (for entertaining me with 
pure Xfishmin tal^ and culture) !Nargis andTarhat (for aO^ the religious thoughts), Imtiyaz (Bhai 
(for constantly Being in very concerned contact) Heartfelt thanks to !Munazza, !Naushi, Xflneez, 
(R^mana, <^shma and Salwa. Special than^ are due to Qoldyfor always efficiently helping me to 
compile my data and finally my (Ph.(D. thesis without showing a single sign of irritation due to my 
constant visits for editing and setting proBlems. (Basirat Jipa is sincerely and especially 
acfyowledgedfor making all my degrees valuaBle By teaching me the Best ever degree of learning 
theJfoly Quran properly. Ker enlightening and enthusiastic short discussions are "valuaBle pearls 
contained in small Boxes" and have Been very helpful for connecting to the real world. 
Last, But not the least, is my loving and affectionate family: !Nissar, Misrat, Vmer, 
Mariya, Teroz and the most valuaBle gift of ^od, my caring parents, who have Blessed me with 
rare treasures which cannot Be measured in terms of mere words. (Bouquets ofthan^ to Mummy 
and (Papa for Being the guiding stars of my life and for putting up with my long aBsencesfrom 
home. Jl special mention of my little fairies/nieces (^aBiha, <Daniya, !NuzBah, Irteqa andjiatirah) 
is we ff deserved for Being a source that always drew me forwards, (prayers of my grandparents 
have given me the courage to complete the overwhelming journey of my degrees. Other people; all 
my uncles (especially 9d. Sultan) and aunties, cousins (especially TJmar) Jimmiji andjiBBa Jaan 
((Didi's parents-in-law) Tariq (a Brotherly figure, may his departed soul rest in peace) Mtaf, (Rafi, 
(Riyaz, Shahnaaz and their families have always Seen a constant source of encouragement. 
'W ^ 0^ ^ MfUMce dutt^ ta th ^mcU t ^ Cfiw (^towen^" ^ou <dl one pnicdui.., 
/-\ 
(<^^amSakt) 
0o*Uettti 
LIST OF CONTENTS 
Page No. 
List of Abbreviations i-ii 
List of Figures iii-iv 
List of Tables v-vi 
L Chapter I Review of Literature 1-35 
2. Chapter II Studies on calcium alginate-pectin gel 36-54 
entrapped concanavalin A-bitter gourd 
(Momordica charantia) peroxidase complex 
2.1. Introduction 36 
2.2. Materials and Methods 37 
2.3. Results 41 
2.4. Discussion 51 
3. Chapter III Adsorption of peroxidase on Celite 545 55-74 
directly from ammonium sulphate 
fractionated white radish (Raphanus sativus) 
proteins 
3.1. Introduction 55 
3.2. Materials and Methods 55 
3.3. Results 59 
3.4. Discussion 68 
4. Chapter IV Use of bitter gourd {Momordica charantia) 75-93 
peroxidase together with redox mediators to 
decolorize disperse dyes 
4.1. Introduction 75 
4.2. Materials and Methods 76 
4.3. Results 80 
4.4. Discussion 89 
CottexU 
5. Chapter V Applications of Celite-adsorbed white radish 9A-\22 
(Raphanus sativus) peroxidase in batch 
process and continuous reactor for the 
degradation of reactive dyes 
5.1. Introduction 94 
5.2. Materials and Methods 95 
5.3. Results 100 
5.4. Discussion 116 
6. Chapter VI Degradation of disperse dyes catalyzed by 123-140 
calcium alginate-pectin entrapped bitter 
gourd {Momordica charantia) peroxidase 
6.1. Introduction 123 
6.2. Materials and Methods 124 
6.3. Results 127 
6.4. Discussion 137 
7. Chapter VII Removal of colored compounds from a textile 141-158 
effluent in batch as well as in continuous 
reactor by calcium alginate-starch entrapped 
bitter gourd {Momordica charantia) 
peroxidase 
7.1. Introduction 141 
7.2. Materials and Methods 141 
7.3. Results 145 
7.4. Discussion 150 
7. Summary 159-163 
8. Bibliography 164-196 
9. List of publications and presentations 197-199 
LIST OF ABBREVIATIONS 
ABTS 2,2'-Azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) 
AS Acetosyringone 
BGP Bitter gourd peroxidase 
BOD Biological oxygen demand 
BPB Bromophenol Blue 
BSA Bovine serum albumin 
CBB Coomassie Brilliant Blue G-250 
CI Color Index 
COD Chemical oxygen demand 
Con A Concanavalin A 
DB I Disperse Brown 1 
DMF Dimethylformamide 
DMSO Dimethylsulfoxide 
DR17 Disperse Red 17 
DyP Dye decolorizing peroxidase 
EDTA Ethylenediamine tetracetic acid 
HOBT 1-Hydroxybenzotriazole 
HRP Horseradish peroxidase 
I-BGP Immobilized bitter gourd peroxidase 
I-WRP Immobilized white radish peroxidase 
Km Michaelis-Menten constant 
LiP Lignin peroxidase 
LME Lignin-modifying enzymes 
MnP Manganese peroxidase 
MP-11 Microperoxidase-11 
NHA N-Hydroxyacetanilide 
NHP N-Hydroxyphthalimide 
NNDS l-Nitroso-2-naphthol-3,6-disulfonic acid 
PAH Polycyclic aromatic hydrocarbons 
PG Phloroglucinol 
J9-HBA para-Hydroxybenzoic acid 
PEG Polyethylene glycol 
/i6SnMieiti«ttA 
POM 
PZ 
PTPA 
RBBR 
RB171 
rDyP 
RR120 
SA 
S-BGP 
SBP 
SS 
S-WRP 
TEMPO 
TOC 
TMP 
TP 
VA 
VLA 
VN 
WRF 
WRP 
Polioxometalates 
Promazine 
Phenothiazine-10-propionic acid 
Remazol Brilliant Blue R 
Reactive Blue 171 
Recombinant dye decolorizing peroxidase 
Reactive Red 120 
Syringaldehyde 
Soluble bitter gourd peroxidase 
Soybean peroxidase 
Suspended solids 
Soluble white radish peroxidase 
2,2,6,6-Tetramethylpiperidin-1 -yloxy 
Total organic carbon 
Tomato peroxidase 
Turnip peroxidase 
Veratryl alcohol 
Violuric acid 
Vanillin 
White rot fungi 
White radish peroxidase 
n 
figures 
LIST OF FIGURES 
Page No. 
Figure 1 Insolubilization of BGP by using jack bean extract 42 
Figure 2 Effect of enzyme loading on the activity of peroxidase 44 
entrapped into alginate-pectin beads 
Figure 3 Temperature-activity profiles for soluble and 45 
immobilized BGP 
Figure 4 Thermal denaturation of soluble and immobilized BGP 47 
Figure 5 pH-activity profiles for soluble and immobilized BGP 48 
Figured Effect ofurea on soluble and immobilized BGP 49 
Figure 7 pH-activity profiles for soluble and immobilized WRP 61 
Figure 8 Temperature-activity profiles for soluble and 62 
immobilized WRP 
Figure 9 Thermal denaturation of soluble and Celite adsorbed 63 
WRP 
Figure 10 Effect of NaNs on soluble and Celite adsorbed WRP 66 
Figure 11 Effect of HgCh on soluble and Celite adsorbed WRP 67 
Figure 12 Reusability of Celite adsorbed WRP 70 
Figure 13 Storage stability of soluble and Celite adsorbed WRP 71 
Figure 14 Chemical structures of investigated disperse dyes 77 
Figure 15 Effect of different redox mediators on BGP catalyzed 81 
decolorization of disperse dyes 
Figure 16 Effect of H2O2 on BGP catalyzed decolorization of 85 
disperse dyes 
Figure 17 Effect of pH on BGP catalyzed decolorization of 86 
disperse dyes 
Figure 18 Effect of temperature on BGP catalyzed decolorization 87 
of disperse dyes 
Figure 19 Effect of time on BGP catalyzed decolorization of 
disperse dyes 
Figure 20 Treatment of water polluted with disperse dyes in a 
stirred batch process by BGP 
88 
90 
ui 
Tigures 
Figure 21 UV-visible absorbance spectra for DR 17 and DB 1 91 
Figure 22 Effect of HOBT concentration on WRP catalyzed 102 
decolorization of reactive dyes 
Figure 23 Effect of pH on WRP catalyzed decolorization of 105 
reactive dyes 
Figure 24 Effect of temperature on WRP catalyzed decolorization 106 
of reactive dyes 
Figure 25 UV-visible absorption spectra of RR 120 115 
Figure 26 Absorption spectra of RR 120 treated in a continuous 118 
packed-bed reactor 
Figure 27 Effect of VLA concentration on BGP catalyzed 128 
decolorization of disperse dyes 
Figure 28 Effect of pH on BGP catalyzed decolorization of 129 
disperse dyes 
Figure 29 FTIR spectra of DR 17 and DB 1 136 
Figure 30 UV-visible absorption spectra of DR 17 and DB 1 138 
Figure 31 UV-visible spectrum of textile effluent 146 
Figure 32 Effect of pH on the decolorization of textile effluent by 147 
soluble and immobilized BGP 
Figure 33 Effect of temperature on the decolorization of textile 148 
effluent by soluble and immobilized BGP 
Figure 34 Textile effluent decolorization reusability of I-BGP 149 
Figure 35 Schematic representation oftwo-reactor system used for 152 
the decolorization and removal of colored compounds 
from textile effluent 
Figure 36 Spectrophotometric monitoring of effluent decolorization 153 
by two-reactor system 
Figure 37 Absorption spectra of textile effluent treated by I-BGP 154 
, ^ ^ ^ ' 
«< -I 
IV 
TaSks 
LIST OF TABLES 
Page No. 
Table 1 Industrially important dyes, their classes and applications 5 
Table 2 Advantages and disadvantages of dye decolorization 15-16 
procedures 
Table 3 Applications of redox mediators in dye removal by 34 
oxidoreductases 
Table 4 Immobilization of BGP by using Con A and calcium alginate- 43 
pectin gel 
Tables Effect oforganic solvents on soluble and immobilized BGP 50 
Table 6 Effect ofdetergents on soluble and immobilized BGP 52 
Table 7 Immobilization of WRP on Celite 545 60 
Table 8 Effect of organic solvents on soluble and Celite adsorbed 65 
WRP 
Table 9 Kinetic parameters for soluble and Celite adsorbed WRP 69 
Table 10 Effect of HOBT and VN on BGP catalyzed decolorization of 82 
disperse dyes 
Table 11 Effect of enzyme concentration on decolorization of disperse 84 
dyes 
Table 12 Effect of different redox mediators on WRP catalyzed 101 
decolorization of reactive dyes 
Table 13 Effect of enzyme concentration on WRP catalyzed 104 
decolorization of reactive dyes 
Table 14 Effect of time on WRP catalyzed decolorization of reactive 107 
dyes 
Table 15 Effect of NaN3 on WRP catalyzed decolorization of reactive 109 
dyes 
Table 16 Effect of HgCb on WRP catalyzed decolorization of reactive 110 
dyes 
Table 17 Effect of organic solvents on WRP catalyzed decolorization of 111 
reactive dyes 
Ta6(es 
Table 18 Treatment of water polluted with reactive dyes in batch 113 
process 
Table 19 Allium cepa test for WRP treated reactive dyes 114 
Table 20 Continuous removal of color from RR 120 in a continuous 117 
packed-bed reactor 
Table 21 Effect of time on BGP catalyzed decolorization of disperse 131 
dyes 
Table 22 Effect of different temperatures on BGP catalyzed 132 
decolorization of disperse dyes in batch process 
Table 23 Effect of enzyme concentration on BGP catalyzed 133 
decolorization of disperse dyes in batch process 
Table 24 Allium cepa test for BGP treated disperse dyes 135 
Table 25 Decolorization of textile effluent in batch processes at various 151 
times 
VI 
CHAPTER-I 
Review of Literature 
/^aiie«t 0^ ^ctenaitfie 
1.1. DYES: A COLORFUL ENVIRONMENTAL CONCERN 
The production of synthetic compounds and their application is essential but 
there is an undesirable discharge of poorly biodegradable wastes from various 
manufacturing operations, e.g. coal conversion, petroleum refining, resin, dye and 
other organic compound manufacturing, dyeing and textile, mining, pulp and paper 
(Duran and Esposito, 2000; Husain and Jan, 2000). Synthetic dyes are extensively 
used as coloring material for textiles, paper, leather, hair, fur, plastics, wax, cosmetic 
bases and foodstuff (O'Neill et al., 2000). However, inefficiencies in dyeing processes 
result into loss of large amounts of dyestuff in effluent, which poses threat to the 
environment (Robinson et al., 2001a; Keharia and Madamwar, 2003). Wastewater 
from textile and dyestuff industries contains synthetic and complex molecular 
compounds, which make them more stable and difficult to degrade (Padmesh et al., 
2005; Palmieri et al., 2005; Al-Aseeri et al., 2007). Moreover, dye effluent usually 
contains chemicals that may be toxic, carcinogenic and mutagenic to various 
microbes, aquatic animals and human beings (Verma et al., 2003; Golob and Ojstrsek, 
2005; Beak et al., 2009). The seriousness of the problem is apparent from the 
magnitude of research that has been done in this field in the last decade (Robinson et 
al., 2001a; 2001b; Jager et al., 2004; Pricelius et al., 2007; Ghodake et al., 2009). 
1.2. TOXICITY OF DYESTUFFS 
Interest in the remediation of synthetic dyes has primarily been prompted by 
concern over their possible toxicity and carcinogenicity (Koyuncu, 2002; Novotny et 
al., 2006; Kokol et al., 2007). Roughly 60-70% of the dyes used in texfile industries 
are azo compounds, i.e. molecules with one or more azo (N=N) bridges (Stolz, 2001). 
The azo dyes are divided in two groups according to their water solubility. Water 
soluble azo dyes are anionic (acidic dyes) or cationic (basic dyes) while the water 
insoluble dyes are non-ionic (neutral). Dyes are highly visible; some can be detected 
in concentration <1 mg L'' and are synthesized to be chemically and photolytically 
stable thus persist in natural environments (Nigam et al., 2000). However, most of the 
azo dyes are not toxic by themselves but after releasing into the aquatic environment, 
these compounds might be converted into potentially carcinogenic amines and other 
aromatic compounds (Stolz, 2001; Neamtu et al., 2004; Umbuzeiro et al., 2005a; 
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2005b; Ozturk and Abdullah, 2006; Lima et al., 2007). Consequently, the release of 
potentially hazardous dyes in the environment can be an ecotoxic risk and can affect 
human beings through the food chain (Cicek et al., 2007; Khenifi et al , 2007; 
Mondal, 2008). The risk, which dyes represent in wastewaters, depends on their 
chemical structure, physical properties, concentration and exposure time (Robinson et 
al, 2001a; Golob and Ojstrsek, 2005). Research has been carried out to investigate the 
effects of dyestuffs and dye containing effluents on the activity of both aerobic and 
anaerobic bacteria in wastewater treatment systems. The acute toxicity of azo dyes is 
rather low. Algal growth and fish mortality is not affected by dye concentrations 
below 1 mg L"'. The most acutely toxic dyes for fish and algae are acid and basic 
dyes, especially those with a triphenylmethane structure (Greene and Baughman, 
1996). Mortality tests with rats showed that only 1% out of 4461 commercial 
dyestuffs tested had LD50 values below 250 mg kg'' body weight whereas a majority 
of dyes showed LD50 values between 250 and 2000 mg kg'' body weight. Therefore, 
the chances of human mortality due to acute dyestuff toxicity are probably very low. 
However, in humans some azo dyestuffs have been reported to cause allergic 
reactions, i.e. eczema or contact dermatitis (Giusti et al, 2002; Giusti and Seidenari, 
2003). The majority of sensitizing dyes present in clothes practically all belong to the 
group of disperse dyes (Pratt and Taraska, 2000; Ryberg et al, 2009). Disperse dyes 
are the most heavily used textile dyes. These are structurally classified as mainly an 
azo and anthraquinone chromophoric system with small molecular size and low 
aqueous solubility (Golob and Ojstrsek, 2005). Anthraquinone based dyes are most 
resistant to bacterial degradation due to their fused aromatic structures (Nigam et al, 
2000). Reactive azo dyes are problematic due to their excessive consumption and high 
water solubility (Keharia and Madamwar, 2003). Metal-based complex dyes such as 
chromium-based dyes can lead to the release of chromium, which is carcinogenic 
(Banat et al, 1996; Capar and Yetis, 2006). 
Chronic effects of dyestuffs, especially of azo dyes, have been studied for 
several decades. Some azo dyes in purified form showed mutagenic or carcinogenic 
property (Umbuzeiro et al, 2005b). Intestinal cancers are common in highly 
industrialized societies and possible connection between these tumours and the use of 
azo dyes has been investigated (Keharia and Madamwar, 2003). Numerous dyes were 
found to cause cerebral and skeletal abnormalities in foetus (Mumgesan and 
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Kalaicheivan, 2003). Textile dyeing, paper printing and leather finishing industry 
workers exposed to benzidine based dyes had a higher than normal incidence of 
urinary bladder cancer (Rothman et al., 1997; Vineis and Pirastu, 1997; Pielesz et al., 
2002). Benzidine based dyes when administered to various experimental animals 
undergo reduction of azo bonds with appearance of hxmian bladder carcinogen, 
benzidine and benzidine metabolites in the urine (Platzek et al., 1999; Murugesan and 
Kalaicheivan, 2003). The carcinogenicity mechanism probably includes the formation 
of acyloxy amines through N-hydroxylation and N-acetylation of the aromatic amines 
followed by 0-acylation. These acyloxy amines can be converted to nitrenium and 
carbonium ions that bind to DNA and RNA thus inducing mutations and tumour 
formation (Hathway and Kolar, 1980). 
Generally stated, genotoxicity is associated with all aromatic amines 
containing benzidine moieties as well as with some aromatic amines with toluene, 
aniline and naphthalene moieties (Pavanello and Clonfero, 2000). The toxicity and 
carcinogenicity of aromatic amines depends on the three-dimensional structure of the 
molecule and on the location of amino group(s). For instance, 2-naphthylamine is a 
carcinogen while 1-naphthylamine is much less toxic. Moreover, the nature and the 
position of other substituents could increase (nitro, methyl or methoxy) or decrease 
(carboxyl or sulphonate) the toxicity (Chung and Cemiglia, 1992). Sulphonated 
aromatic amines in contrast to some of their unsulphonated analogs have either no or 
very low genotoxic and tumorigenic potential. Dyes are toxic to some aquatic life due 
to the presence of metals and chlorides (Arslan, 2001; Daneshvar et al., 2007; 
Husseiny, 2008; Rezaee et al., 2008). These concerns have led to new and strict 
regulations concerning colored wastewater discharges, compelling the dye 
manufacturers and users to adopt "cleaner technology" approaches. Therefore, 
effective means for solving this problem by the development of new lines of 
ecologically safe dyeing auxiliaries and improvement of exhaustion of dyes on to 
fiber must be adopted in order to preserve the quality of life for future generations 
(Hao et al., 2000; Rott, 2003; Hai et al., 2007). 
1.3. CLASSIFICATION OF DYES 
Aromatic compounds that absorb light/electromagnetic energy with 
wavelengths in the visible range (350-700 nm) are colored. Dyes contain 
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chromophores, delocalized electron systems with conjugated double bonds and 
auxochromes, electron-withdrawing or electron donating substituents that intensify 
the color of the chromophore by altering the overall energy of the electron system. 
Usual chromophores are -C=C-, -C=N-, -C=0, -N=N-, -NO2 and quinoid rings 
whereas usual auxochromes are -NH3, -COOH, -SO3H and -OH (van der Zee et al, 
2003). The Color Index (CI) number, developed by the Society of Dyers and 
Colorists, is used for dye classification (Kieman, 2001). Once the chemical structure 
of a dye is known, a five digit CI number is assigned to it. The first word is the dye 
classification and the second word is the hue or shade of the dye. For example, CI 
Acid Yellow 36 (CI 13065) is a yellow dye of the acid type. Further dyes are 
classified either according to their constitution or method of application. 
1.3.1. Classification based on constitution 
Chemical structures determine the colors, properties and uses of dyes, and 
provide the only rational basis for the classification of these compounds (Hao et al., 
2000). There are numerous groups of dyes based on the presence of different 
structural units/chemical structures/chromophores. The most important group of dyes 
includes azo (monoazo, disazo, triazo, polyazo), anthraquinone, naphthoquinone, 
arylmethane (diarylmethane, triarylmethane) phthalocyanine and polymethine dyes. 
Other groups are indigoid, azine, oxazine, thiazine, xanthene, nitro, nitroso, thiazole, 
indamine, indophenol, lactone, aminoketone and hydroxyketone dyes and dyes of 
undetermined structures such as stilbene and sulphur dyes (Kieman, 2001). 
1.3.2. Classiflcation based on application 
A vast array of dyes/colorants is classified depending on application 
characteristics. These include acid dyes, basic dyes, direct dyes, disperse dyes, fiber 
reactive dyes, insoluble azo dyes, vat dyes and mordant dyes (Hao et al., 2000). 
Various classes of dyes, their structures and applications are listed in Table 1. 
1.4. CLASSICAL METHODS FOR DYE REMOVAL 
Dyestuffs give colored wastewaters that have high chemical oxygen demand 
(COD) and total organic carbon (TOC) values and low biological oxygen demand 
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Table 1: Industrially important dyes, their classes and applications 
Class 
Acid 
Azoic 
Basic 
Direct 
Disperse 
Fluorescent 
brighteners 
Food, drugs, 
cosmetics 
Mordant 
Natural 
Oxidation 
bases 
Pigments 
Reactive 
Solvent 
Sulflir 
Vat 
Chemical types 
Azo, anthraquinone, triarylmethane 
Azo 
Cyanine, azo, azine, triarylmethane, 
xanthene, acridine, oxazine, 
anthraquinone 
Azo, phthalocyanine, stilbene, 
oxazine 
Azo, anthraquinone, styryl, nitro 
Stilbene, pyrazoles, coumarin, 
naphthalimides 
Azo, anthraquinone, carotenoid, 
triarylmethane 
Azo, anthraquinone 
Anthraquinone, flavonols, flavones, 
indigoids, chroman 
Aniline black and indeterminate 
structures 
Azo, basic, phthalocyanine, 
quinacridone, indigoid 
Azo, anthraquinone, 
phthalocyanine, formazan, oxazine, 
basic 
Azo, triphenylmethane, 
anthraquinone, phthalocyanine 
Indeterminate structures 
Anthraquinone (including 
polycyclic quinones), indigoids | 
Applications 
Nylon, wool, silk, paper, inks, 
leather 
Cotton, rayon, cellulose acetate, 
polyester 
Paper, polyacrylonitrile 
modified nylon, polyester, inks 
Cotton, rayon, paper, leather, 
nylon 
Polyester, polyamide, acrylic, 
and plastics 
Soaps, detergents, all fibres, oils, 
paints, plastics 
Foods, drugs, cosmetics 
Wool, leather, anodized 
aluminium 
Food 
Hair, fiir, cotton 
Paints, inks, plastics, textiles 
Cotton, wool, silk, nylon 
Plastics, gasoline, varnish, 
lacquer, stains, inks, fats, oils, 
waxes 
Cotton, rayon 
Cotton, rayon, wool 
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(BOD) values (Pearce et al., 2003). Various physical, chemical and biological treatment 
techniques have been developed to remove colored pollutants from wastewaters. 
1.4.1. Physico-chemical treatment methods 
Choosing the most appropriate treatment methods or their combinations 
depends on the dyestuffs and the dyeing methods used in the textile production. 
Physico-chemical processes have been used to remove high molecular weight (Mr) 
organic compounds and their color, toxicity, suspended solids (SS) and COD but 
BOD and compounds of low Mr are not effectively removed. Currently available 
methods include chemical oxidation, reverse osmosis, adsorption, membrane 
filtration, coagulation/flocculation, sorption, electrolysis, advanced oxidation 
processes (chlorination, bleaching, ozonation, Fenton oxidation and photocatalytic 
oxidation) and chemical reduction. These methods suffer from certain drawbacks such 
as high cost and salt content in the effluent, problems related to disposal of 
concentrate and excessive use of chemicals and energy (Ghoreishi and Haghighi, 
2003; Mielgo et al., 2003; Anjaneyulu et al., 2005). Ozonation, flocculation, 
photocatalytic oxidation and electrochemical methods result in poor color removal 
and formation of useless and toxic products. Moreover, chemical coagulation, 
membrane techniques and reverse osmosis have been successfully used for the 
treatment of major portion of the colored pollutants but these processes were found 
highly expensive (O'Neill et al., 2000; Robinson et al., 2001a). 
1.5. MICROBIOLOGICAL DECOMPOSITION OF SYNTHETIC DYES 
Biological degradation is an important and simple method for the 
breakdown/removal of synthetic dyes (Forgacs et al., 2004; Park et al., 2007). It is an 
attractive and viable alternative to physico-chemical methods mainly because of 
relatively inexpensive and effective nature of the process. Furthermore, the end 
products of complete mineralization are not toxic which contribute to environmental 
benignity and publicly acceptable treatment technology (McMulIan et al., 2001; 
Mohan et al., 2002; Chen et al., 2003). Biotechnological approaches suggested by 
recent research are of potential interest towards combating the pollution source in an 
ecoefficient manner involving the use of bacteria or fungi, often in combination with 
physicochemical processes (Borchert and Libra, 2001; McMullan et al., 2001; Zissi 
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and Lyberatos, 2001; Asses et al., 2009). In recent years, numerous types of 
microorganisms have been identified and isolated that are able to degrade previously 
considered non-degradable dyes (Fu and Viraraghavan, 2001; Hao et al., 2007; 
Pandey et al., 2007; Shimokawa et al., 2008; Pereira et al., 2009). 
1.5.1. Bacterial treatment 
Chung et al. (1978) for the first time isolated bacterial cultures of Bacillus 
subtilis which were capable of degrading azo dyes. Later on numerous other dye 
degrading bacteria were discovered (Pandey et al., 2007; Khalid et al., 2008; Tan et 
al., 2009). Pseudomonas sp. was isolated from an anaerobic-aerobic dyeing house 
wastewater treatment facility as the most active azo dye degraders (Knapp and 
Newby, 1999). Elisangela et al. (2009) have shown that a facultative bacterium, 
Staphylococcus arlettae, is very effective in azo dye decolorization in a sequential 
microaerophilic/aerobic process. Recently, it was reported that a recombinant 
bacterial CotA-laccase from Bacillus subtilis was able to decolorize a variety of 
structurally different synthetic dyes in the absence of redox mediators at alkaline pH 
(Pereira et al., 2009). 
The ability of whole bacterial cells to metabolize azo dyes has been 
extensively investigated (Pearce et al., 2003). For the degradation of dyes from 
wastewater, the use of whole cells rather than isolated enzymes is advantageous. This 
is due to the cost associated with enzyme purification is negated and the cell could 
also offer protection from the harsh process environment to the enzymes. Also, 
degradation is often carried out by a number of enzymes working sequentially. Under 
aerobic conditions, azo dyes are not readily metabolized (Robinson et al., 2001a). 
However, under anaerobic conditions many bacteria reduce the highly electrophilic 
azo bond in the dye molecule, reportedly by the activity of low specificity 
cytoplasmic azo reductases to colorless aromatic amines. These amines are resistant to 
further anaerobic mineralization and could be toxic or even carcinogenic/mutagenic to 
humans and animals. Fortunately, once the xenobiotic azo components of the dye 
molecule are removed, the resultant amino compounds are found to be good 
substrates for aerobic biodegradation. Lourenco et al. (2000) demonstrated that if a 
sequential anaerobic-aerobic system was employed for wastewater treatment, the 
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amines could be mineralized under aerobic conditions by a hydroxylation pathway 
involving a ring opening mechanism. 
The utilization of mixed cultures/microbiotic consortiums offered considerable 
advantages over the use of pure cultures in the degradation of synthetic dyes. Many 
researchers have reported that a higher degree of biodegradation and mineralization 
could be expected when co-metabolic activities within a microbial community 
complement each other (Khelifi et al., 2009; Su et al., 2009). Junnarkar et al. (2006) 
have reported biodegradation of colored wastewater using mixed bacterial cultures. 
Optimal conditions for the microbial decolorization of dyes show a marked diversity 
both in anaerobic and aerobic as well as in mixed anaerobic/aerobic processes. 
However, mixed cultures only provide an average macroscopic view of what is 
happening in the system and results are not easily reproduced, making thorough and 
effective interpretation difficult. The use of a pure culture system ensured that the data 
were reproducible and the interpretation of experimental observations was easier. The 
quantitative analysis of the kinetics of azo-dye decolorization by a particular bacterial 
culture could be undertaken meaningfully and response of the system to changes in 
operational parameters could also be studied (Chang and Lin, 2000). 
1.5.2. Fungal treatment 
The majority of studies on biological decolorization have focused on fungal 
strains, white rot fungi (WRF) being the single class of versatile and robust 
microorganisms (Murugesan et al., 2007a; 2007b; Vivekanand et al., 2008; Li et al., 
2009). These constitute a diverse ecophysiological group comprising mostly 
basidiomycetous and to a lesser extent litter-decomposing fungi capable of extensive 
aerobic lignin depolymerization and mineralization. This property is based on the 
WRF's capacity to produce one or more extracellular lignin-modifying enzymes 
(LME) such as laccase, lignin peroxidase (LiP), phenol oxidase, Mn dependent 
peroxidase and Mn independent peroxidase (Pocedic et al., 2009). These enzymes 
oxidize highly stable natural polymers; lignin, hemicellulose, cellulose, etc. (Moreira 
et al., 2000; Wesenberg et al., 2003; Forgacs et al., 2004). Because of their high 
biodegradation capacity, these fungi have shown their potential in biotechnological 
and other applications, particularly, in the decolorization of synthetic dyes present in 
wastewaters (Robinson et al., 2001b; Tekere et al., 2001; Pazarlioglu et al., 2005; 
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Chandralata et al , 2008; Kaushik and Malik, 2009). However, for successful 
implication of these enzymes at large scale, some molecular challenges need to be 
accomplished. These are (i) enhancement of operational stability, specifically to H2O2 
in case of fungal peroxidases, (ii) increase of enzyme redox potential in order to 
widen the substrate range, (iii) development of heterologous expression and industrial 
production (Ayala et al., 2008). 
Numerous WRF strains have been employed for the decolorization of distinct 
synthetic dyes and dye effluents (McMullan et al., 2001; Jarosz-Wilkolazka et al., 
2002; Park et al., 2007). Earlier results on decolorization of colored wastewaters by 
fungi have been reviewed by several workers; Aspergillus foetidus (Sumathi and 
Manju, 2000), Phanerochaete chrysosporium (Mielgo et al., 2001; Soares et al., 
2002), Trametes versicolor (Borchert and Libra, 2001), Trametes hirsuta (Abadulla et 
al., 2000) Coriolus versicolor (Knapp and Newby, 1999; Kapdan and Kargi, 2002), 
Cunninghamella polymorpha (Sugimori et al, 1999), Geotrichum candidum and 
Rhizopus arrhizus (Aksu and Tezer, 2000; Asses et al., 2009). Moreover, fungi other 
than WRF, such as Umbelopsis isabellina, Penicillium sp., Aspergillus niger and 
Rhizopus oryzae could also decolorize or biosorb diverse dyes (Assadi and Jahangiri, 
2001; Yang et al., 2003). In fungal decolorization of dye wastewater, these fungi can 
be classified into two kinds according to their life state: living cells to biodegrade and 
biosorb dyes and dead cells (fungal biomass) to adsorb dyes (Fu and Viraraghavan, 
2001). 
The most widely studied WRF in regards to xenobiotic degradation is 
Phanerochaete chrysosporium, Phanerochaete chrysosporium has been frequently 
employed for the biodegradation of synthetic dyes due to its high enzyme production 
(Enayatzamir et al., 2009). The decomposition of Indigo Carmine by the fungus has 
also Ipeen studied and it showed the involvement of ligninolytic enzymes in this 
process (Podgomik et al., 2001). The biodegradation of Amaranth, New Coccine, 
Orange G and tartrazine by Phanerochaete chrysosporium and Pleurotus sajor-caju 
was compared. It has been found that the addition of activators; Tween-80, veratryl 
alcohol (VA) and manganese (IV) oxide for the production of lignolytic enzymes 
from Phanerochaete chrysosporium increased the decomposition rate of the dyes, 
Poly R-478 and Poly-448 (Couto et al., 2000a; 2000b). Manganese peroxidase (MnP) 
was the main enzyme involved in dye decolorization by Phanerochaete 
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chrysosporium (Chagas and Durrant, 2001). Although several workers have reported 
that LiP from Phanerochaete chrysosporium was the main decolorizing agent, a 
recent investigation of the degradation of selected phthalocyanine dyes and their 
degradation products has shown the involvement of laccase and MnP (Conneely et al., 
2002). 
Other WRF have been used for the decoloration of different dyes. Trametes 
versicolor decomposed anthraquinone, azo and indigo-based dyes (Wang and Yu, 
1998; Casas et al., 2009) and Trametes hirsuta was able to decompose triarylmethane, 
indigoid and anthraquinone dyes (Abadulla et al., 2000). It has been established that 
the higher degradation rate was achieved by Irpex lacteus and Pleurotus ostreatus 
(Novotny et al., 2001; Pocedic et al., 2009). The results indicated that the 
decomposition rate was highly based on both chemical structure of the dye and the 
character of the fimgi. The decolorization of the phthalocyanine dyes. Reactive Blue 
15 and 38, by Bjerkandera adusta was studied in detail and it was found that the main 
metabolites were sulfophthalimides (Heinfling-Weidtmann et al., 2001). The potential 
of some WRF to decolorize indigo dye has been compared by Balan and Monteiro 
(2001). The decomposition was highest by Phellinus gilvus followed by Pleurotus 
sajor-caju, Pycnoporus sanguineus and Phanerochaete chrysosporium. It was 
reported that Phlebia tremellose catalyzed the decomposition of synthetic dyes but 
complete mineralization was not achieved (Kirby et al., 2000). Trametes hispida 
produced lignolytic enzymes at higher rate than was obtained by Pleurotus ostreatus 
in solid state cultures on whole oats (Rodriguez et al., 1999). The assays carried out 
on another set of WRF indicated that Coriolus versicolor exhibited the highest 
decomposition capacity (Knapp and Newby, 1999). An interesting combined method 
has been described for the decolorization of Acid Violet 7. Pellets have been prepared 
from the mycelium of Trametes versicolor and activated carbon powder and their 
decolorization rate has been shown to be higher than those of the individual 
components, pure mycelium or activated carbon (Zhang and Yu, 2000). Eighteen 
fungal strains were tested for the degradation of lignocellulosic material or lignin 
derivatives with the azo dyes; Reactive Orange 96, Reactive Violet 5 and Reactive 
Black 5. Bjerkandera adusta, Trametes versicolor and Phanerochaete chrysosporium 
were able to decolorize all azo dyes (Heinfling et al., 1997). However, despite the fact 
that' laccases from Trametes versicolor, Polyporus pinisitus and Myceliophthora 
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thermophila were found to decolorize anthraquinone and indigoid-based dyes at high 
rates, an azo dye, Direct Red 29 (Congo Red) was a very poor substrate for laccases 
(Claus et al., 2002). Other fungi such as, Hirschioporus larincinus, Inonotus hispidus, 
Phlebia tremellose, Coriolus versicolor and Daedaleopsis sp. have also been shown to 
decolorize dye-containing effluent (Banat et al., 1996; Prasongsuk et al., 2009). 
1.5.3. Algal treatment 
The biodegradation of azo dyes by the algae; Chlorella pyrenoidosa, Chlorella 
vulgaris and Oscillatoria tenuis has been demonstrated. It has been described that the 
azo reductase of algae was responsible for the degradation of azo dyes into aromatic 
amines by breaking azo linkages (Liu and Liu, 1992). Algae have been used to 
degrade several aromatic amines and dyes, even sulphonated ones (Semple et al., 
1999). Yan and Pan (2004) have reported that more than 3(i azo compounds were 
decolorized and biodegraded into simpler aromatic amines by Chlorella pyrenoidosa, 
Chlorella vulgaris and Oscillatoria tenuis. The potential of Cosmarium sp., belonging 
to green algae, was investigated as a viable biomaterial for biological treatment of 
triphenylmethane dye. Malachite Green (Daneshvar et al., 2007). 
1.6. Factors affecting color removal by microbiological methods 
Several factors determine the technical and economic feasibility of each single 
dye removal technique. These include dye type, waste composition, dose and costs of 
required chemicals, operation costs, environmental fate and handling costs of 
generated waste products. The level of aeration, temperature, pH and redox potential 
of the system must be optimized to catalyze maximum dye reduction. The 
concentrations of electron donor and redox mediator must be balanced with the 
amount of biomass in the system and the quantity of dye present in the wastewater. 
The composition of textile wastewater varies and includes organics, nutrients, salts, 
sulphur compounds and toxicants. Any of these compounds may have an inhibitory 
effect on the dye reduction process. The effect of each of the factors on the color 
removal process must be investigated before the system can be used to treat industrial 
wastewater. For the environmental hazard assessment of chemicals, estimation of 
likely environmental concentration and comparison of predicted concentrations with 
experimentally determined toxic effect levels is essential. 
11 
TRevce«f o^^iietaiute 
1.7. Demerits of microbiological treatment 
Dye effluents have been poorly decolorized by conventional biological 
treatments and might be toxic for the microorganisms present in the treated effluent 
plants. Furthermore, following anaerobic digestion, nitrogen-containing dyes were 
transformed into aromatic amines that were found more toxic and even sometimes 
mutagenic than the parent molecules (Gottlieb et al., 2003; Zouari-Mechichi et al., 
2006). Bacterial, fungal and algal degradation of aromatic compounds is attributed to 
secondary metabolic pathways. Hence, appropriate growth conditions have to be 
accomplished by additional loads of chemicals. Moreover, the expression of enzymes 
involved in phenol, aromatic amine and dye degradation is not constant with time but 
dependent on the growth phase of the organisms and is influenced by inhibitors that 
might be present in the effluent (Wesenberg et al., 2003). Certain other limitations of 
using microbes for treating pollutants are high costs of production of microbial 
cultures, limited mobility and survival of cells in the soil, alternative carbon source, 
completeness of the indigenous populations, metabolic inhibition and slow 
decolorization/degradation of dyes requiring several days to months (Duran and 
Esposito, 2000; Husain and Jan, 2000; Nazari et al., 2007). Additionally, the sludge 
volume increases due to the generation of biomass. 
Biological degradation of dyes includes properties such as water solubility, 
large Mr and fused aromatic ring structures, which inhibit permeation through 
biological cell membranes. Algae and higher plants exposed to dye containing 
effluents have been shown to accumulate high concentrations of certain disperse dyes 
and heavy metals. These techniques used for the treatment of organic pollutants 
discussed so far have their ovwi limitations and suffer from some serious drawbacks, 
which render them ineffective for application in removing dyes and other aromatic 
pollutants at large scale. Therefore, there should be a need to find simple and efficient 
alternative treatment methods that are effective in removing pollutants from large 
volumes of effluents. 
1.8. ENZYMATIC APPROACH FOR WASTEWATER TREATMENT 
The variety of chemical transformations catalyzed by enzymes has made these 
catalysts a prime target for exploitation by the emerging biotechnological industries. 
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Recent advances in this direction, through better isolation and purification procedures 
have allow e^d the production of cheaper and more readily available enzymes that can 
be used in many remediation processes to target specific recalcitrant pollutants 
present in wastewaters (Husain, 2006; Xu and Salmon, 2008; Hamid and Rehman, 
2009). Enzymes isolated from their parent organisms have been often preferred over 
intact organisms containing the enzyme because the isolated enzymes act with greater 
specificity, their activity could be better standardized, are easy to handle and store and 
enzyme concentration is not dependent on the growth rate of microorganisms 
(Wagner and Nicell, 2003). Moreover, unlike chemical catalysts, the enzymatic 
systems have the potential of accomplishing complex chemical conversions under 
mild environmental conditions with high efficiency and reaction velocity (Husain and 
Husain, 2008; Michniewicz et al., 2008). Due to their high specificity to individual 
species, enzymatic processes have been developed to specifically target selected 
compounds that cannot be treated effectively or reliably using traditional techniques 
(Ryan et al., 2003; Couto et al., 2005a; Husain et al., 2009). Alternatively, enzymatic 
treatment has been used as a pretreatment step to remove one or more compounds that 
interfere with subsequent downstream treatment processes. For example, if inhibitory 
or toxic compounds can be removed selectively, the bulk of the organic material could 
be treated biologically, thereby minimizing the cost of treatment (Gianfreda and Rao, 
2004). Thus, the potential advantages of enzymatic treatment as compared to 
conventional treatments can be summed up as; application to recalcitrant materials, 
operation at low and high contaminant concentrations over a wide pH, temperature 
and salinity range, absence of shock loading effects, delays associated with the 
acclimatization of biomass, reduction in sludge volume, the ease and simplicity of 
controlling the process, need of bio-acclimatization and remediation of various 
aromatic compounds under dilute conditions. (Held et al., 2005; Husain, 2006). 
Enzymes catalyze detoxification/decolorization of dyes quite fast, i.e. within minutes 
to few hours as compared to algae and flingi which take several days or even months 
to show the same results (Sumathi and Manju, 2000; Borchert and Libra, 2001). 
Oxidoreductive enzymes; peroxidases and polyphenol oxidases have shown 
their potential in the remediation and conversion of aromatic pollutants such as 
phenols, aromatic amines, biphenyls, bisphenols and dyes to less toxic insoluble 
compounds, which could be easily removed out of wastewater (Husain and Jan, 2000; 
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Duran et al., 2002; Torres et al., 2003; Husain, 2006; Khan and Husain, 2007; Matto 
and Husain, 2007; Wang et al., 2008; Husain et ai., 2009). Advantages and 
disadvantages of various decolorization methods for treatment of industrial effluents 
have been summed up in Table 2. 
Peroxidases (E.G. 1.11.1.7.) are ubiquitous heme containing oxidoreductases 
having protoporphyrin IX with Fe* (Hiraga et al, 2001; Duarte-Vazquez et al., 
2003). The iron ion is coordinated to 4 pyrrole nitrogens of the heme and nitrogen of 
an axial histidine. Peroxidases have broad substrate specificity; can use various 
organic and inorganic substrates which act as hydrogen donors in vitro in the presence 
of H2O2 (Vianello et al., 1997). These enzymes are present in animals, plants and 
microorganisms, having Mr from 30-150 kDa (Regalado et al., 2004). Based on their 
structural and catalytic properties, these are divided into three superfamilies: (i) 
peroxidases in animals (glutathione peroxidase, myeloperoxidase and 
lactoperoxidase); (ii) catalases in animals, plants, bacteria, fungi and yeast; (iii) 
peroxidases in plants, fungi, bacteria and yeast. The amino acid sequence among 
members of plant peroxidase superfamily had been found to be highly variable, with 
less than 20% identity in the most divergent cases. Based on differences in primary 
structure, the plant peroxidase superfamily is further categorized into three classes 
(Welinder, 1992). Class I, the intracellular peroxidases, includes yeast cytochrome c 
peroxidase, ascorbate peroxidase and bacterial peroxidases (Passardi et al., 2007). 
Class II consists of extracellular fungal peroxidases; LiP and MnP. These are 
monomeric glycoproteins involved in the degradation of lignin. The peroxidases most 
commonly studied for dye decolorization are fungal LiP and MnP. Class III consists 
of secretory plant peroxidases, which have multiple tissue specific functions: e.g. 
removal of H2O2 from chloroplasts and cytosol, oxidation of toxic compounds, 
biosynthesis of the cell wall, defence responses towards wounding, indole-3-acetic 
acid catabolism, ethylene biosynthesis, etc. Some of the well known peroxidases of 
this class are horseradish peroxidase (HRP), turnip peroxidase (TP), bitter gourd 
peroxidase (BGP), and soybean peroxidase (SBP). Class III peroxidases are also 
monomeric glycoproteins, having four conserved disulphide bridges and require 
calcium ions (Conesa et al., 2002). Peroxidases in particular have been extensively 
studied for the treatment of dyes as these show many attractive properties such as 
wide specificity, high stability in solution and easy accessibility from plant materials 
14 
1R,eviee» o^ ^Ci&uiiune 
Table 2: Advantages and disadvantages of dye decolorization procedures 
Treatment 
methodology Advantages Limitations References 
I. Physical methods 
1. Adsorption 
a. Activated carbon 
b. Baggasse 
c. Peat 
d. Wood ciiips 
2. Irradiation 
3. lon-exciiange 
Economically attractive, 
good removal efficiency 
Waste to treat another waste 
Effective adsorbent, no 
activation required 
Good sorption for specific 
colorant 
Effective removal of a wide 
range of colorants at low 
volumes 
Regeneration with low loss 
of adsorbents 
Expensive 
regeneration process 
Post treatment 
disposal 
Lower surface area 
than activated carbon 
Larger contact times, 
huge quantities 
required 
Require high 
dissolved O2, 
ineffective for light 
resistant colorants 
Specific application 
Robinson et al., 
2001a 
Anjaneyulu et al., 
2005 
Bousheretal., 
1997 
Nigam et at., 
2000; Anjaneyulu 
et al., 2005 
Dascalu et al., 
2000; Jung et al., 
2002 
Robinson et al., 
2001a; 
Anjaneyulu etal., 
2005 
II. Chemical methods 
1. Oxidation 
a. Fenton's reagent 
b. Ozonation 
c. Sodium 
hypochlorite 
d. Electrochemical 
oxidation 
2. Coagulation and 
precipitation 
3. Cucurbituril 
Effective for both soluble 
and insoluble colorants 
Decolorization of wide range 
of wastes, no alternation in 
volume 
Effective for azo dye 
removal 
Low temperature 
requirement 
No additional chemicals 
required, non-hazardous end 
products 
Short detention time, low 
capital costs, good removal 
efficiency 
Complete decolorization for 
all classes of dyes 
Problem with sludge 
disposal 
Highly expensive 
Not suitable for 
disperse dyes, release 
aromatic amines 
Expensive process 
High cost of 
electricity 
High cost of 
chemicals, dewatering 
and sludge handling 
problems 
Expensive 
Robinson et al., 
2001a 
Aplin and Waite 
2000; Ledakowics 
et al., 2000; 
Balchioglu et al., 
2001 
Adams and Grog, 
2002 
Banat et al., 1996 
Kim et al., 2002 
Anjaneyulu et al., 
2005 
Slokarand Le 
Marechal, 1998 
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III. Biological methods 
1. Aerobic process 
2. Anaerobic 
process 
3. Single cell 
(fungal, algal, 
bacterial) 
IV. Emerging techn 
1. Advanced 
oxidation 
processes 
2. Membrane 
filtration 
3. Photocatalysis 
4. Sonication 
5. Enzymatic 
treatment 
6. Redox mediators 
7. Engineered 
wetland systems 
Color removal along with 
COD removal 
Resistant to wide variety of 
complex colorants, bio gas 
produced is used for steam 
generation 
Good removal efficiency for 
low volumes, highly 
effective for specific colorant 
elegies 
Complete mineralization. 
effective pre-treatment 
methodology in integrated 
systems, enhanced 
biodegradability 
Recovery and reuse of 
chemicals and H2O, wider 
application for complex 
wastes 
Process carried out at 
ambient conditions, atoxic 
and inexpensive inputs, 
complete mineralization with 
shorter detention times 
Highly effective in integrated 
systems 
Effective for specifically 
selected compounds, 
unaffected by shock 
loadings, require shorter 
contact times 
Easily available, enhance the 
process by increasing 
electron transfer efficiency 
Cost effective technology, 
operated with huge volumes 
of wastewater 
Longer detention 
times, less resistant to 
recalcitrants 
Longer 
acclimatization phase 
Expensive culture 
maintenance. 
applicable only for 
low effluent volume 
Expensive process 
Dissolved solids are 
not separated, high 
running cost 
Effective for low 
level of colorants, 
expensive process 
Relatively new 
method and awaiting 
full scale application 
Tedious enzyme 
isolation and 
purification, 
efficiency curtailed 
due to the presence of 
interferences 
Concentration of 
mediator may give 
antagonistic effect, 
depends on biological 
activity of the system 
High installation cost, 
require expertise, 
difficult management 
during monsoon 
Robinson et al., 
2001a 
Bras et al., 2005 
Pearce et al., 
2003; Pandey et 
al., 2007 
Aleboyeh et al., 
2005; 
Muthukumar et 
al., 2005 
Mutlu et al., 2002; 
Lopes et al., 2005 
Grzechulska and 
Morowski, 2002; 
Dominguez et al.. 
2005 
Ince and Tezcanli, 
2001 
Husain, 2006; 
Husain et al., 
2009 
Husain and 
Husain, 2008 
Mbuligwe, 2005; 
Bulc and Ojstrsek, 
2008 
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and fimgal sources (Magri et al., 2005; Biswas et al., 2007; Husseiny, 2008; Husain et 
al., 2009). 
1.8.1. Microbial peroxidases 
1.8.1.1. Lignin peroxidase (LiP) 
LiP also known as ligninase or diaryl propane oxygenase, was the first 
discovered enzyme that catalyzed the partial depolymerization of methylated lignin in 
vitro (Tien and Kirk, 1983). LiP, a heme-containing glycoprotein has an unusually 
low pH optimum and is able to catalyze the oxidation of non-phenolic aromatic lignin 
moiety and variety of similar compounds (Christian et al., 2005). The oxidation of 
such compounds by LiP results in cleavage of the Ca-Cp bond, the aryl-Ca bond, 
aromatic ring opening, phenolic oxidation and demethoxylation. Due to its high redox 
potential and enlarged substrate range in the presence of specific mediators, LiP has 
been used to mineralize a variety of xenobiotic compounds including polycyclic 
aromatic hydrocarbons (PAH), polychlorinated phenols, nitro aromatics and azo dyes 
(Krcmar and Ulrich, 1998; Abadulla et al., 2000; Husain, 2006; Jadhav et al., 2009). 
Heinfling et al. (1998a) have described the transformation of six industrial azo and 
phthalocyanine dyes by ligninolytic peroxidases from Bjerkandera adusta and other 
WRF. LiP from Phanerochaete chrysosporium has been shown to play a major role in 
the decolorization of azo, triphenylmethane, heterocyclic and polymeric dyes 
(Pointing et al., 2000). Partially purified LiP from Phanerochaete chrysosporium 
grown on neem hul( waste was demonstrated to decolorize more than 50% of Procion 
Brilliant Blue HGR, Ranocid Fast Blue, Acid Red 119 and Navidol Fast Black 
(Verma and Madamwar, 2002a). LiP was the main enzyme involved in the 
decolorization of dyes by Bjerkandera adusta (Robinson et al., 2001a; 2001b). 
Christian et al., 2005 have reported that LiP from Trametes versicolor decolorized 
Remazol Brilliant Blue R (RBBR) and that this dye can also be used as a substrate for 
the detection and estimation of LiP activity. 
An effort had been made to couple an H2O2 producing enzymatic reaction to 
the LiP catalyzed oxidation of dyes (Lan et al., 2006). H2O2 was produced by glucose 
oxidase and its substrate glucose. Due to controlled release of H2O2, a sustainable 
constant activity of LiP was observed. Degradation of three dyes; Xylene Cyanol, 
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Fuchsine and Rhodamine B by LiP coupled with glucose oxidase indicated that H2O2 
was very effective for the improvement of efficiency of the decolorization of dyes. 
Ferreira-Leitao et al. (2007) compared the usefulness of fungal LiP with HRP in 
relation to the degradation of Methylene Blue and its demethylated derivatives. 
However, it was reported that both enzymes could oxidize Methylene Blue and its 
derivatives but HRP required higher H2O2 and showed a considerably lower reaction 
rate contrary to LiP. LiP catalyzed the cleavage of aromatic ring of the investigated 
compounds while HRP was unable to achieve this. The oxidation potential of LiP was 
roughly twice of the HRP. 
Recently it has been reported that LiP from different bacterial sources was 
involved in decolorization of dyes. Pseudomonas desmolyticum NCIM 2112 was able 
to degrade a diazo dye, Direct Blue 6 (100 mgL"') completely within 72 h of 
incubation with 88.95% reduction in COD in static anoxic condition. Decolorization 
of Direct Blue 6 in batch culture represented the role of oxidative enzymes; LiP, 
laccase and tyrosinase in the degradation of Direct Blue 6 (Kalme et al., 2007). LiP 
from Acinetobacter calcoaceticus NCIM 2890 was able to oxidize a variety of 
substrates including Mn , tryptophan, mimosine, L-dopa, hydroquinone, xylidine, n-
propanol, VA and textile dyes. Four structurally different groups such as azo, thiazin, 
heterocyclic, and polymeric dyes were decolorized up to 90%. Tryptophan stabilized 
the LiP activity during decolorization of dyes (Ghodake et al., 2009). 
L8.L2. Manganese peroxidase (MnP) 
The reaction mechanism of MnP starts with the enzyme oxidation by H2O2 to 
an intermediary oxidized state that, in turn, promotes the oxidation of Mn to Mn 
during the catalytic cycle (Hofrichter, 2002). Afterwards, in a mechanism involving 
two successive electron transfer reactions, substrates such as azo dyes reduce the 
enzyme to its original form (Stolz, 2001). Mn^ "^  is stabilized by organic acids such as 
oxalic acid and the resulting Mn -organic acid complex acts as an active oxidant 
(Schlosser and Hofer, 2002). Thus, MnP oxidizes its natural substrate, i.e. lignin as 
well as textile dyes (Heinfling et al., 1998b; Stolz, 2001). MnP has been reported as 
the main enzyme involved in dye decolorization by Phanerochaete chrysosporium 
(Chagas and Durrant, 2001). 
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Moreira et al. (2001) have demonstrated the role of MnP in degradation of 
highly recalcitrant polymeric dye, Poly R-478. This MnP catalyzed not only the 
destruction of chromophoric groups but also a noticeable breakdown of chemical 
structure of the dye. MnP from Clitocybula dusenii participated in the breakdown of 
dyes in the real dye-containing effluent (Wesenberg et al., 2003). Several 
investigators have developed MnP based membrane reactors for the oxidation of azo 
dyes (Lopez et al., 2002; 2004; 2007; Mielgo et al , 2003). A novel dye-decolorizing 
strain of the bacterium Serratia marcescens efficiently decolorized two chemically 
different dyes; Ranocid Fast Blue and Procion Brilliant Blue HGR which belongs to 
the azo and anthraquinone groups, respectively. However, it was observed that MnP 
was involved in the decolorization of these dyes (Verma and Madamwar, 2002b). 
MnP was detected during dye decolorization by culture of Phlebia tremellose (Kirby 
et al., 2000). Selvam et al. (2003) reported that an azo dye. Orange G was decolorized 
10.8% by 15 U mL"' of MnP present in WRF Thelephora sp. The WRF, Irpex lacteus 
decolorized the textile industry wastewater efficiently without adding any chemicals. 
The degree of decolorization of the dye effluent by shaking or stationary cultures on 
8* day was 59% and 93%, respectively. Higher decolorization was related to the 
activity of MnP which was detected in the stationary cultures than in the shaken 
cultures (Shin, 2004). 
High MnP activity but very low LiP and laccase activities were detected in the 
culture of the WRF, Lentinula edodes. These findings have shovm that MnP was the 
main enzyme which was responsible for the capability of Lentinula edodes to 
decolorize synthetic dyes (Boer et al., 2004). Machado et al. (2005) used RBBR dye 
as substrate to evaluate ligninolytic activity in 125 basidiomycetous fongi isolated 
from tropical ecosystems. Extracellular extracts of 30 selected flingi grown on solid 
medium with sugar cane bagasse showed RBBR decolorization and peroxidase 
activity. Eight fungi produced MnP activity which had RBBR decolorization capacity. 
Basidiomycete PV002, a white-rot strain could efficiently decolorized 96% Ranocid 
Fast Blue and 70% Acid Black 210 on 5"" and 9"' day under static conditions (Verma 
and Madamwar, 2005). The degradation of azo dyes under different conditions was 
strongly correlated with high MnP activity. 
Christian et al. (2003) have investigated the decolorization of sulfonaphthaiein 
(SP) dyes by MnP and almost all dyes were found to decolorize at pH 4.0. The order 
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of preference for SP dyes as substrate for the MnP-catalyzed decolorization was 
Phenol Red > o-cresol Red > m-cresol Purple > Bromophenol Red > Bromocresol 
Purple > Bromophenol Blue (BPB) > Bromocresol Green (Shrivastava et al., 2005). 
Phanerochaete sordida were used to decolorize mixtures of four reactive textile dyes, 
including azo and anthraquinone dyes. These dye mixtures (200 mg L'') were 
decolorized by 90% within 48 h in nitrogen-limited glucose-ammonium media. MnP 
was the main enzyme in decolorization of dyes by Phanerochaete sordida (Harazono 
and Nakamura, 2005). 
Comparison of litter-decomposing basidiomycete fungi with WRF for 
ligninolytic enzymes production and decolorization of synthetic dyes (Poly B-411, 
Reactive Black 5, Reactive Orange 16 and RBBR) revealed that the highest MnP 
activity was detected in the culture of CoUyhxa dryophila with the activity over 
30 U L~'. Strains with high levels of MnP and laccase were able to perform the fastest 
degradation of Poly B-411 while the decolorization of other dyes did not depend so 
strictly on enzyme activity (Baldrian and Snajdr, 2006). Kariminiaae-Hamedaani et al. 
(2007) evaluated decolorization of 12 different azo, diazo and anthraquinone dyes by 
a new isolate of WRF strain L-25 and 84.9-99.6% decolorization efficiency was 
achieved by cultivation in 14 d using an initial dye concentration of 40 mg L~'. MnP 
produced by strain L-25 was used for the enzymatic decolorization of dyes, thus 
confirming the capability of enzyme for this purpose. 
A partially purified MnP from Bjerkandera adusta was used for the 
decolorization of several artificial dye baths. The most efficient decolorization was 
noticed in dye bath of anthraquinone dye; Reactive Blue 19, diazo dyes; Reactive 
Black 5 and Acid Orange 7 (Mohorcic et al., 2006). MnP production by 
Phanerochaete chrysosporium and the level of decolorization of 13 dyes was 
performed using static, agitated batch and continuous cultures. The decolorization 
efficiency was over 90% for 100 mg L'' of Acid Black 1, Reactive Black 5, Reactive 
Orange 16 and Acid Red 27. A significant increment in primary post-metabolism 
biomass was observed in batch cultures with Acid Black 1 and Reactive Black 5. It 
was possible to explore the response of the continuous system during 32 to 47 d for 
these dyes (25-400 mg L''), obtaining greater than 70% decolorization for 400 mg L'' 
(Urra et al., 2006). It was reported that the azo dyes; Congo Red, Orange G and 
Orange IV were efficiently decolorized by MnP purified from Schizophyllum sp. 
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(Cheng et al., 2007). However, purified MnP from Ischnoderma resinosum could 
decolorize Reactive Black 5, Reactive Blue 19, Reactive Red 22 and Reactive Yellow 
15 and the highest decolorization was seen at acidic pH (Kokol et al., 2007). 
Park et al. (2007) investigated the decolorization of six commercial dyes by 10 
fungal strains exhibiting extracellular laccase and MnP activities. The decolorization 
mechanisms by Funalia trogii ATCC 200800 involved a complex interaction of 
enzyme activity and biosorption. This study suggested that it was possible to 
decolorize a high concentration of commercial dyes, which could be a great 
advancement in the treatment of dye containing wastewater. The conversion of azo 
dyes; Flame Orange and Ruby Red into their N-demethylated form and their 
polymerization by different oxidoreductases has been investigated (Pricelius et al., 
2007). Laccase from Pycnoporus cinnabarinus, MnP from Nematoloma frowardii 
and the novel Agrocybe aegerita peroxidase used a similar mechanism to 
decolorize/degrade azo dyes. 
1.8.1.3. Dye decolorizing peroxidase (DyP) 
DyP, a unique dye-decolorizing enzyme, is a member of a novel heme 
peroxidase family (DyP-type peroxidase family). DyP isolated from the fungus 
Thanatephorus cucumeris Dec 1 (formerly named Geotrichum candidum Dec 1) is a 
58 kDa glycoprotein having one heme as a cofactor. This enzyme requires H2O2 for 
all enzymatic reactions indicating that it functions as a peroxidase (Sugano et al., 
2000; Saijo et al., 2005). DyP degrades the typical peroxidase substrates, but it also 
degrades hydroxyl-free anthraquinone, which is not a substrate of other peroxidases 
(Kim and Shoda, 1999a; Sugano et al., 2000; Sugano et al., 2006). This is very 
important characteristic because many synthetic dyes are derived from anthraquinone 
compounds. Thus, DyP is a promising enzyme for the treatment of dye-contaminated 
water because it degrades azo and anthraquinone dyes effectively (Sato et al., 2004; 
Shakeri et al., 2007; Shimokawa et al., 2008; Sugano, 2009). The degradation and 
decolorization of many xenobiotic compounds such as synthetic dyes, food coloring 
agents, molasses, organic halogens, lignin and kraf^  pulp effluents was investigated in 
the presence of a newly isolated fungus, Geotrichum candidum Dec 1 peroxidase 
(Kim and Shoda, 1999b). Sugano et al. (2000) have isolated a new DyP from 
Trametes cucumeris Dec 1, which decolorized more than 30 types of synthetic dyes. It 
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has been reported that DyP from Trametes cucumeris Dec 1 was able to decolorize a 
representative of anthraquinone dye, Reactive Blue 5 to light red-brown compounds 
(Sugano et al, 2006). 
A crude recombinant dye decolorizing peroxidase (rDyP) obtained from 
Aspergillus oryzae was used for the decolorization of anthraquinone dye, RBBR. In 
batch culture, equimolar batch addition of H2O2 and RBBR produced complete 
decolorization of RBBR by rDyP, with a turnover capacity of 4.75. In stepwise fed-
batch addition of H202and enzyme, the turnover capacity increased to 5.76 and 14.3, 
respectively. When H2O2 was added in continuous fed-batch and 1.6 mM dye was 
added in stepwise fed-batch mode, 102 g of RBBR was decolorized by 5000 U of 
crude rDyP in 650 min increasing the turnover capacity to 20.4 (Shakeri and Shoda, 
2008). 
1.8.1.4. Versatile peroxidase (VP) 
VP has been recently recognized as a new group of ligninolytic peroxidases, 
together with LiP and MnP obtained from Phanerochaete chrysosporium (Martinez, 
2002). VP from Bjerkandera adusta was reported to show a hybrid molecular 
architecture between LiP and MnP. This hybrid combines the catalytic properties of 
these two peroxidases, being able to oxidize typical LiP and MnP substrates. The 
catalytic mechanism of VP is similar to that of classical peroxidases; the substrate 
oxidation is carried out by two-electron multistep reactions at the expense of H2O2 
(Pogni et al., 2005). VP oxidizes Mn^ "^  to Mn^ "^  at around pH 5.0 while also oxidizing 
aromatic compounds including dyes at around pH 3.0, regardless of the presence of 
Mn^ "^  (Ruiz-Duenas et al., 2001; Tinoco et al., 2007). VPs from various sources 
Pleurotus pulmonarius (Camarero et al., 1996), Pleurotus ostreatus (Cohen et al., 
2002), Bjerkandera adusta (Heinfling et al., 1998a; 1998b; 1998c), Pleurotus eryngii 
(Gomez-Toribio et al., 2001) and Bjerkandera sp. (Palma et al., 2000; Moreira et al., 
2005; 2006) have shown their potential in azo dye degradation. Sugano et al. (2006) 
purified and characterized a new VP from the dye decolorizing microbe, 
Thanatephorus cucumeris Dec 1 (TcVPl). TcVPl exhibited particulariy high 
decolorizing activity towards azo dyes. Furthermore, co-application of TcVPl and the 
DyP from Thanatephorus cucumeris Dec 1 was able to completely decolorize 
Reactive Blue 5. DyP decolorized Reactive Blue 5 to light red-brown compounds 
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followed by decolorization of these colored intermediates to colorless products by 
TcVPl. Sugano (2009) for the first time proposed a possible in vitro degradation 
pathway for Reactive Blue 5 catalyzed by VP and suggested that VP is a novel 
bifionctional enzyme. 
1.8.2. Plant peroxidases 
1.8.2.1. Horseradish peroxidase (HRP) 
HRP has been reported to be an effective enzyme for the degradation of 
industrially important azo dyes (Bhunia et al., 2001; Mohan et al., 2005; Maddhinni et 
al., 2006). These investigators have evaluated specificity of HRP toward different 
dyes, such as Remazol Blue, Cibacron Red, Acid Black 10 BX and Direct Yellow 10. 
The enzyme activity for Remazol Blue was found to be far better at pH 2.5 than at 
neutral pH whereas Remazol Blue acted as a strong competitive inhibitor of HRP at 
neutral pH (Bhunia et al., 2001). Mohan et al. (2005) described the significance of 
HRP catalyzed reaction in the treatment of an acid azo dye. Acid Black 10 BX. The 
performance of HRP catalyzed reaction was found to be dependent upon the aqueous 
phase pH, contact time, H2O2, dye and HRP concentrations. The effective degradation 
of Direct Yellow 12 by HRP in the presence of H2O2 was found a viable approach for 
the degradation of azo dyes from aqueous solutions (Maddhinni et al., 2006). Ulson 
de Souza et al. (2007) investigated the potential of HRP for the decolorization of 
textile dyes and industrial effluents. The obtained decolorization of Remazol 
Turquoise Blue G 133%, Lanaset Blue 2R and the textile effluent was 59%, 94% and 
52%, respectively. 
1.8.2.2. Bitter gourd peroxidase (BGP) 
The potential of peroxidases from Momordica charantia in decolorizing 
industrially important dyes has been investigated. Momordica charantia peroxidase 
could decolorize 21 dyes used in textile and other important industries (Akhtar et al., 
2005a; 2005b). The greater fraction of the color was removed when the textile dyes 
were treated with increasing concentrations of enzyme but four out of eight reactive 
dyes were recalcitrant to decolorization by BGP. The rate of decolorization was 
enhanced when the dyes were incubated with fixed quantity of enzyme for increasing 
23 
Review o^ Aitetatcote 
times. Decolorization of non-textile dyes resulted in the degradation and removal of 
dyes from the solution without any precipitate formation. Thus it indicated that BGP 
was an effective biocatalyst for the treatment of effluents containing recalcitrant dyes 
from textiles, dye manufacturing and printing industries. Recently, it has been 
reported that BGP could be used in the detoxification and biotransformation of several 
aromatic amines, phenols and dyes present in wastewater/industrial effluents (Akhtar 
and Husain, 2006; Kulshrestha and Husain, 2007). Catalytic efficiency of BGP has 
been enhanced in presence of redox mediators. Complex mixtures of dyes were also 
significantly decolorized by BGP in the presence of 1.0 mM 1-hydroxybenzotriazole 
(HOBT) (Akhtar et al., 2005b; Matto and Husain, 2009a). 
1.8.2.3. Tomato peroxidase (TMP) 
Multiple efforts have been directed towards optimization of processes in 
which peroxidase from cheap plant sources were used to remove dyes from polluted 
water (Husain, 2006). Matto and Husain (2008) described the role of partially purified 
TMP in decolorizing direct dyes; Direct Red 23 and Direct Blue 80. These dyes were 
maximally decolorized by TMP at pH 6.0 and 40 °C. The absorption spectra of the 
treated dyes exhibited marked differences in the absorbance at various wavelengths as 
compared to untreated dyes. Decolorization and decontamination of two textile carpet 
industrial effluents by TMP has been investigated (Husain and Kulshrestha, 2009). 
Textile carpet effluent red and blue were decolorized by 0.705 U mL"' TMP at pH 6.0 
and 40 °C to 69% and 59%, respectively. The TMP treated effluents exhibited 
significant loss of TOC. 
1.8.2.4. Turnip peroxidase (TP) 
Turnip roots, which are readily grown in several countries, are a rich source of 
peroxidase activity. Because of the kinetic and biochemical properties, TP has a high 
potential as an economic alternative to HRP (Duarte-Vazquez et al., 2002; 
Kulshrestha and Husain, 2006a; Matto and Husain, 2006; Husain and Kulshrestha, 
2009). Peroxidases from turnip roots were highly effective in decolorizing direct dyes 
with wide spectrum chemical groups (Matto and Husian, 2007). Dye solutions, 
containing 40-170 mg L'' dye in the presence of 2.0 mM HOBT were successfully 
treated by TP at pH 5.0 and 40 °C. Complex mixtures of acid dyes were also 
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significantly decolorized by TP in the presence of HOBT (Kulshrestha and Husain, 
2007). Wood shaving bound TP has successfully been employed for the treatment of 
direct dyes in batch as well as in continuous reactors in the presence of 0.6 mM 
HOBT (Matto and Husain, 2009b). 
1.8.3. Microperoxidase-11 (MP-11) 
Microperoxidases are small heme-peptides obtained by proteolytic digestion of 
cytochrome c, exhibiting peroxidase activity. These enzymes consisted of a short or 
medium length polypeptide chain, covalently linked to an iron protoporphyrin IX 
moiety via two thioether bonds involving Cys residues at the c-porphyrin A and B 
pyrrole rings (Tullio et al., 2005). The decolorization of water insoluble synthetic 
dyes by MP-II in 90% methanol was attempted. MP-11 exhibited effective 
decolorization activity against azo and anthraquinone type of dyes. The degradation 
pathway for Solvent Orange 7 was investigated and it showed that MP-11 catalyzed 
the oxidative cleavage of azo linkage to generate 1,2-naphthoquinone and 2,4-
dimethylphenol as key intermediates (Wariishi et al., 2002). MP-11 effectively 
catalyzed the oxidative decolorization of an azo dye. Solvent Yellow 7 and an 
anthraquinone dye, Solvent Blue 11 in hydrophobic organic solvent in the presence of 
H2O2 (Okazaki et al., 2002). Pisklak et al. (2006) reported the role of MP-11 in the 
oxidation of dyes, Amplex® Ultra Red and Methylene Blue. 
1.9. DYE REMOVAL BY IMMOBILIZED PEROXIDASES 
Enzymatic detoxification and decolorization has been successfully employed 
for the removal of colored compounds from wastewater because the resulted 
polymeric products were insoluble and therefore such products were easily removed 
by filtration or centrifligation (Husain, 2006; Yang et al., 2008). Nevertheless, the use 
of free enzymes also showed some drawbacks such as susceptibility to inactivation by 
the product, non-reusability, thermal instability, susceptibility to attack by proteases, 
high sensitivity to several denaturing agents and the impossibility of separating and 
reusing of free catalyst at the end of the reaction (Husain and Jan, 2000; Husain 2006; 
Husain and Husain, 2008). In order to overcome such constraints, enzyme 
immobilization is one of the best alternatives to exploit enzymes at industrial level. 
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The main objective of immobilization is to apply the benefits of heterogeneous 
catalysis to the soluble enzymes used routinely in academic biosciences and industrial 
biotechnology (Chen et al., 2009; Cho et al., 2009; Enayatzamir et al., 2009; Rotkova 
et. al., 2009). Benefits offered by immobilization can be summarized as the retention 
of high concentration of catalysts in the reactor, control of catalyst microenvironment, 
quantitative and rapid removal of the catalyst, enhanced stability, easier product 
recovery and purification, protection of enzymes against denaturing factors, enzyme 
reusability, minimum effluent problems and material handling (Wang et al., 2001; 
Duran et al., 2002; Magri et al., 2005; Pedroche et al., 2007). However, the high cost 
and low yield of immobilized enzyme preparations are two main limitations in their 
applications at industrial level (Mateo et al., 2007). Thus, the success of enzyme 
immobilization technology clearly depends on the choice of carrier and the method of 
immobilization. Several techniques have been employed to immobilize enzymes on 
solid supports. They are mainly based on chemical and physical mechanisms (Khan et 
al., 2006; Kulshrestha and Husain, 2006a; 2006b; Matto and Husain, 2006; Fatima 
and Husain, 2007a; Gomez et al., 2007; Quintanilla-Guerrero et al., 2008; Yang et al., 
2008; Matto and Husain, 2009c). Immobilized peroxidases have been used in various 
fields but their recent use for the treatment of dyes present in wastewater has attracted 
the attention of enzymologists (Husain et al., 2009; Husain, 2010). 
An electroenzymatic process is an interesting approach that combines enzyme 
catalysis and electrode reactions. Kim et al. (2005) studied an electroenzymatic 
method which used an immobilized HRP to degrade Orange II (azo dye) within a two-
compartment packed-bed flow reactor. The electroenzymatic degradation of Orange II 
was carried out by 0.42 U mL'' of HRP at 0.5 V. The overall application of the 
electroenzymatic approach led to a greater degradation of dye than the use of 
electrolysis alone. Degradation of Orange \l by an electroenzymatic method using 
HRP bound to an inexpensive and stable inorganic support Celite R-646 beads bound 
with 2% aqueous glutaraldehyde was studied in a continuous electrochemical reactor 
with in situ generation of H2O2 (Shim et al, 2007). Based on the parametric studies, 
over 90% of Orange II degraded during continuous operation for 36 h. From the 
results of GC/MS analysis, degradation products were identified and a possible 
breakdown pathway for Orange II was proposed. 
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Acrylamide gel immobilized HRP exhibited effective performance compared 
to alginate entrapped and free HRP in the removal of Acid Black 10 BX. Alginate 
entrapped HRP show e^d inferior performance over the free enzyme due to the 
consequence of non-availability of the enzyme to the dye molecule (Mohan et al., 
2005). Maddhinni et al. (2006) investigated the decolorization of Direct Yellow 12 by 
soluble and immobilized HRP under various experimental parameters; pH, H2O2, dye 
and enzyme concentrations. The efficiency of polyacrylamide entrapped HRP for the 
oxidation of Direct Yellow 12 was higher followed by alginate entrapped HRP and 
then by free HRP. The alginate and polyacrylamide immobilized HRP preparations 
were further used 2-3 times for the removal of same dye with lower efficiency, 
respectively. Methyl Orange and BPB removal capability of citraconic anhydride-
modified HRP was compared with those of free HRP (Liu et al., 2006). Upon 
chemical modification, the decolorization efficiency was increased by 1.8% and 
12.4% for BPB and Methyl Orange, respectively. Lower dose of citraconic anhydride-
modified HRP was required than that of free enzyme for the decolorization of both 
dyes to obtain the similar decolorization efficiency. Citraconic anhydride-modified 
HRP exhibited a good decolorization of dye over a wide range of dye concentrations 
from 8-24 or 32 jimol L"' at 300 fimol L~' H2O2, which would meet industrial 
expectations. 
MnP oxidizes a wide range of substrates, rendering it as an interesting enzyme 
for potential applications. The significant decolorization of azo dyes in static and 
shaky situation by gelatin-immobilized MnP was studied. There was no loss of 
immobilized enzyme activity after two repeated uses in batch process (Xiao-Bin et al., 
2007). MP-11 entrapped in the system of bis (2-ethylhexyl) sulphosuccinate sodium 
salt (AOT)-reversed micelles exhibited peroxidase activity in the presence of H2O2. It 
effectively catalyzed the oxidative decolorization of an azo dye, Solvent Yellow 7 and 
an anthraquinone dye, Solvent Blue 11 in the hydrophobic organic solvent. (Okazaki 
et al., 2002). MP-11 was immobilized in hybrid periodic mesoporous organosilica 
materials and in a nano-crystalline metal organic framework. The conversion of 
Amplex® Ultra Red and Methylene Blue to their respective oxidation products was 
catalyzed successfully in the presence of immobilized MP-11 (Pisklak et al., 2006). 
MnP secreted by Phanerochaete chrysosporium immobilized into Ca-alginate beads 
could decolorize recalcitrant azo dyes Direct Violet 51, Reactive Black 5, Ponceau 
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Xylidine and Bismark Brown R in successive batch cultures (Enayatzamir et al., 
2009). 
Fruhwirth et al. (2002) used a catalase peroxidase from the newly isolated 
Bacillus SF to treat textile-bleaching effluents. Various alumina-based carriers of 
different shapes were used to immobilize the enzyme. Bleaching effluent was treated 
in a horizontal packed-bed reactor containing 10 kg of the immobilized catalase 
peroxidase at a textile-finishing company. The treated liquid (500 L) was reused 
within the company for dyeing fabrics with various dyes, resulting in acceptable color 
differences of below Delta E*=1.0 for all dyes. 
BGP immobilized on concanavalin A (Con A)-Sephadex bioaffmity support 
was used for the decolorization of industrially important dyes from polluted water 
(Akhtar et al., 2005a). Maximum decolorization was obtained at pH 3.0 and 40 °C. 
This enzyme was repeatedly used for the decolorization of eight reactive textile dyes 
and after 10 repeated use the immobilized enzyme retained nearly 50% of its 
decolorization activity. The mixtures of dyes were also successfully decolorized by 
immobilized BGP. Decolorization and decontamination of two textile carpet industrial 
effluents was carried by using Con A-cellulose bound turnip and tomato peroxidases 
(Husain and Kulshrestha, 2009). Textile carpet effluent red and blue were decolorized 
78% and 84% by immobilized TP (0.423 U mL''), respectively. However, 0.705 U 
mL'' of immobilized TMP decolorized effluent red to 73% and effluent blue to 74%. 
The immobilized TP treated effluent even exhibited significant loss of TOC from the 
solution. TMP immobilized on a bioaffinity support. Con A-cellulose was highly 
effective in decolorizing direct dyes as compared to free TMP (Matto and Husain, 
2008). More than 70% of Direct Red 23 and Direct Blue 80 were decolorized by TMP 
at pH 6.0 and 40 "C. Immobilized TMP showed lower Michaelis constant. Km than the 
free enzyme for the direct dyes. Shakeri and Shoda (2008) demonstrated the 
immobilization of rDyP produced from Aspergillus oryzae using silica-based 
mesoporous materials, FSM-16 and AlSBA-15. rDyP immobilized on FSM-16 at pH 
4.0 decolorized eight sequential batches of an anthraquinone dye, RBBR in repeated-
batch decolorization process. 
Laccase was entrapped in alginate/gelatine, blent with polyethylene glycol 
(PEG) and crosslinked with glutaraldehyde. The results of repeated batch 
decolorization of reactive dyes by this immobilized laccase showed that gelatin and 
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appropriate concentration of glutaraldehyde accelerated the decolorization of Reactive 
Red B-3BF. PEG had a positive effect on enzyme stability and led to an increase of 
color removal (Wang et al., 2008). 
1.10. ROLE OF REDOX MEDIATORS IN PEROXIDASE CATALYZED 
DECOLORIZATION OF DYES 
Redox mediators are compounds that speed up the reaction rate by shuttling 
electrons from the biological oxidation of primary electron donors or from bulk 
electron donors to the electron-accepting aromatic compounds (Fabbrini et al., 2002). 
Redox mediators provide high redox potentials (>900 mV) to attack recalcitrant 
structural analogs and are able to migrate into aromatic structure of the compounds 
and accelerate reactions by lowering the activation energy of the total reaction. In 
some cases, the presence of these mediators might even be a prerequisite for the 
reaction to take place (van der Zee and Cervantes, 2009). It has been shown that these 
small molecules capable to act as electron transfer mediators were able to oxidize 
non-phenolic compounds, thus expanding the range of compounds that can be 
oxidized by enzymes (Crestini et al., 2003). The catalytic effect of such organic 
molecules with redox mediating properties on the bio-transformation of a wide variety 
of organic and inorganic compounds has been extensively explored (Dos Santos et al., 
2004; Guo et al., 2008; Husain and Husain, 2008; Jing et al., 2009). The need and 
nature of redox mediator for the degradation of a specific dye depends on the source 
of enzyme (Xu et al., 2000). The role and mechanism of action of laccase-mediator 
system is well characterized and can also be applied for other enzymes (Couto et al., 
2005b). When a substrate is oxidized by laccase, the redox mediator forms cation 
radicals; short-lived intermediates that co-oxidize non-substrates. These cation 
radicals can be formed by two mechanisms: (i) the redox mediator can perform either 
one-electron oxidation of the substrate to a radical cation (Xu et al., 2000; 2001), (ii) 
the redox mediator can abstract a proton from the substrate, converting it into a 
radical (Fabbrini et al., 2002). For example, 2,2-azino-bis-(3-ethyIbenzthiazoline-6-
sulfonic acid) (ABTS) acts by the first mechanism (Potthast et al., 2001) whereas 
HOBT acts by the second (Fabbrini et al., 2002; Hirai et al., 2006). 
A correlation between the enzyme redox potential and its activity toward 
substrates has been described. The driving force for the redox reaction catalyzed by 
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oxidoreductive enzymes is expected to be proportional to the difference between the 
redox potentials of the oxidizing enzyme and the reducing substrate/dye (Zille et al., 
2004; Sadhasivam et al., 2009). Among the mediators, those presenting the >N-OH 
moiety; HOBT, N-hydroxyphthalimide (NHP) and violuric acid (VLA) proved very 
efficient towards benzylic substrates, through a radical H-abstraction route of 
oxidation involving an aminoxyl radical (>N-0') intermediate (d'Acunzo et al., 2006). 
The presence of oxidizing mediators enhanced the decolorization of dyes 
showing low decolorization rates (Astolfi et al., 2005; Tinoco et al , 2007). LiP from 
Bjerkandera adusta showed low activity with most of the azo and phthalocyanine 
dyes. However, the specific activity increased 8-100 folds when VA was included in 
the reaction mixture (Heinfling et al., 1998b). Maximum decolorization achieved by 
partially purified LiP from Phanerochaete chrysosporum was 80% for Procion 
Brilliant Blue HGR, 83% for Ranocid Fast Blue, 70% for Acid Red 119 and 61% for 
Navidol Fast Black MSRL (Verma and Madamwar, 2002a). This decolorization 
efficiency was observed at 0.2 and 0.4 mM L"' H2O2, 2.5 mM L'' VA and pH 5.0 after 
1 h. LiP produced by Trametes versicolor decolorized RBBR in the presence as well 
as in the absence of VA (Christian et al., 2005). Decolorization of Reactive Brilliant 
Red K-2BP by LiP with higher addition of H2O2 and VA was enhanced to 89%, 
whereas decolorization by MnP was optimized only with a suitable dose of H2O2 
(0.1 mM) and decreased by the addition of Mn (Yu et al., 2006). Purified MnP 
decolorized Reactive Black 5, Reactive Blue 19, Reactive Red 22 jmd Reactive 
Yellow 15 whereas laccase was ineffective to decolorize Reactive Black 5 and 
Reactive Red 22. However, all these dyes were decolorized after addition of redox 
mediators; VLA and HOBT (Kokol et al., 2007). Decolorization of azo dyes; Direct 
Blue 15, Direct Green 6, and Congo Red catalyzed by MnP from Phanerochaete 
chrysosporium was enhanced by the addition of Tween-80 (Urek and Pazarlioglu, 
2005). 
Low molecular mass redox mediators like ABTS have been found necessary 
for laccase-catalyzed decolorization of most of the dyes (Lu et al., 2005; 2007). 
Decolorization of RBBR was only observed when redox mediators, VLA, HOBT and 
phenothiazine-10-propionic acid (PTPA) were added together with the laccase 
(Scares et al., 2001). However, RBBR was decolorized completely within 20 min in 
the presence of 5.7 mM VA while 11.0 mM HOBT decolorized RBBR at about a 2 
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fold slower rate. PTPA was found to be least effective mediator. HOBT was found to 
be the most effective mediator and it showed decolorization of Sella Solid Red to 88% 
in 10 min and Luganil Green to 49% in 20 min by laccase (Couto et al., 2005b). The 
addition of 2.0 mM HOBT improved the rate of laccase catalyzed decolorization of 
Direct Red 28, Reactive Black 5, Acid Blue 25 and Azure B by 17%, 63%, 12% and 
56%, respectively (Claus et al., 2002). Decolorization of Acid Blue 225, Acid Violet 
17 and Reactive Black 5 by laccase was increased 2-6 folds in the presence of HOBT 
(Nyanhongo et al., 2002). Murugesan et al. (2007b) reported the presence of HOBT 
was essential for the decolorization of Reactive Black 5 by purified laccase from 
Pleurotus sajor-caju. The potential of crude and partially purified WLl laccase from 
Trichoderma harzianum for the decolorization of synthetic dyes, Rhodamine 6G, 
Erioglaucine and Trypan Blue has been evaluated in the presence of HOBT 
(Sadhasivam et al., 2009). Moldes and Sanroman (2006) have studied the effect of 
redox mediators on dye decolorization by laccase isoenzymes from Trametes 
versicolor. All the tested redox mediators; HOBT, promazine (PZ), para-
hydroxybenzoic acid (p-HBA) and l-nitroso-2-naphthol-3,6-disulfonic acid (NNDS) 
led to higher dye decolorization than that obtained without mediator addition. PZ was 
the most effective mediator while p-HBA did not significantly improve the degree of 
decolorization. 
Sequential decolorization of reactive dyes was carried out by a laccase 
mediator system using VA and HOBT as mediators (Tavers et al., 2008a). VA 
resulted in a high level of decolorization on the first and second cycles for Reactive 
Blue 114 (>95%), Reactive Yellow 15 and Reactive Red 239 (>80%) while for 
Reactive Black 5 a slightly lower value (70%) was observed on the second cycle. The 
degree of Reactive Blue 114 decolorization remained 90% after the third cycle and 
about 60% after seven cycles. When HOBT was used as mediator a slight decrease in 
decolorization efficiency was observed. Tavares et al. (2008b) performed a screening 
on the degradation of six reactive textile dyes using several laccase mediators; ABTS, 
HOBT, N-hydroxyacetanilide (NHA), polioxometalates (POM), VLA and 2,2,6,6-
tetramethylpiperidin-1-yloxy (TEMPO). ABTS was found to be the most effective 
mediator. The efficiency of ABTS depended on the type of dye, pH, temperature and 
dye concentration. Hu et al. (2009) suggested that the decolorization capabilities of 
laccase/mediator system were related to the types of mediator, the dye structure and 
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decolorization conditions. After screening 14 different compounds with Indigo 
Carmine (indigoid dye) as a substrate, phloroglucinol (PG), thymol, and VLA were 
selected as laccase mediators resulting in 90-100% decolorization of this dye in 1 h. 
Thus, these three compounds were used as mediators for the decolorization of other 
four dyes. VLA was very effective in decolorizing RBBR (anthraquinoid dye), 
Coomassie Brilliant Blue G-250 (CBB, triphenylmethane dye), and Acid Red (diazo 
dye). Thymol was able to mediate decolorization of RBBR and Azure A (heterocyclic 
dye). PG had no mediating capability in decolorization of these dyes. Two recalcitrant 
dyes; stilbene dye. Direct Yellow 11 and methine dye, Basazol 46L were effectively 
decolorized by HRP, SBP and laccase in the presence of ABTS as a mediator 
(Knutson et al., 2005). The stilbene dye. Direct Yellow 11 responded to both SBP and 
laccase/ABTS. SBP was more effective in the oxidative removal of methine dye, 
Basazol 46L as compared to the other peroxidases. 
The presence of redox mediators VA, acetosyringone (AS) or TEMPO as 
oxidizing mediators generally enhanced the rate of dye decolorization by VP from 
Bjerkandera Adusta (Tinoco et al., 2007). Akhtar et al. (2005b) have demonstrated the 
decolorization of 21 different reactive textile and other industrially important dyes by 
BGP. The decolorization of dyes and their mixtures was drastically increased in the 
presence of 1.0 mM HOBT. Textile effluent was also significantly decolorized by 
BGP in the presence of 1.0 mM HOBT (Matto and Husain, 2009a). The 
decolorization of acid dyes by TP was significantly enhanced in the presence of 2.0 
mM HOBT (Kulshrestha and Husain, 2007). Redox mediated decolorization of direct 
dyes by TP has been extensively studied (Matto and Husain 2007; 2009b). Dyes were 
recalcitrant to the action of enzyme without a redox mediator and were decolorized to 
different extents in the presence of all the used redox mediators (2.0 mM); vanillin 
(VN), L-histidine and VLA. However, 0.6 mM HOBT emerged as a potential redox 
mediator for TP catalyzed decolorization of direct dyes and their mixtures. A 
comparative study was performed for the decolorization and removal of two textile 
carpet industrial effluents by TP and TMP (Husain and Kulshrestha, 2009). The 
decolorization of effluents was enhanced in the presence of 2.0 mM HOBT. Matto 
and Husain, (2008) investigated decolorization of Direct Red 23 and Direct Blue 80 
by TMP in the presence of HOBT, phenol, VN, VLA, VA and syringaldehyde (SA). 
HOBT decolorized the direct dyes significantly. Decolorization of Acid Red 27 by 
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azoreductase was enhanced effectively by quinone redox mediators; lawsone and 
menadione (Liu et al., 2009). Husain et al. (2010) have investigated the role of six 
redox mediators for the decolorization of a textile effluent by fenugreek seeds 
peroxidase (FSP). However, the effluent was decolorized maximally in the presence 
of 1.0 mM HOBT. The decolorization of textile effluent in batch process by FSP was 
85% in 5 h whereas the complete decolorization of textile effluent by membrane-
entrapped FSP was observed within 11 h of its operation. Table 3 lists applications of 
some redox mediators in the treatment of dyes by oxidoreductive enzymes. 
33 
iReviem o^AUettUwie 
Table 3:. 
Enzyme 
LiP 
LiP,MnP 
MnP, laccase 
MnP 
Laxase 
HRP,SBP 
VP 
BGP 
TP 
TMP 
Azoreductase 
FSP 
Applications of redox mediators in dye removal by oxidoreductases 
Redox Mediator 
VA 
VA 
VIAHOBT 
Tween-80 
ABTS 
VIAPTPA 
ABTS,HOBT,RBBR 
HOBT 
HOBT,PZ,jy-HBA, 
hM)S 
VA,HOBT 
ABTS, HOBT, NHA, 
POM, VLA, TEMPO 
VLA,PG, thymol 
ABTS 
VA, AS, TEMPO 
HOBT 
HOBT 
HOBT, phenol, 
VN, VLA, VA, SA 
HOBT 
Lawsone, 
menadione 
HOBT 
Dyes 
Six industrial azo, phthalocyanine 
dyes 
Procian Brilliant Blue HGR, 
Ranocid Fast Blue, Acid Red 
119, Navidol Fast Black MSRL 
RBBR 
Reactive Brilliant Red K-2BP 
Reactive Black 5, Reactive Blue 
19, Reactive Red 22, Reactive 
Yellow 15 
Direct Blue 15, Direct Green 6, 
Congo Red 
Alizarin Red 
RBBR 
Sella Solid Red, Luganil Green 
Four azo, three anthraquinone, 
one indigoid dye and their 
mixtures 
Acid Blue 225, Acid Violet 17, 
Reactive Black 5 
Reactive Black 5 
Rhodamine 6 G, Erioglaucine, 
Trypan Blue 
Indigo Carmine, Phenol Red 
Reactive Blue 114, Reactive 
Yellow 15, Reactive Red 239, 
Reactive Black 5 
Six reactive textile dyes 
RBBR, Indigo, CBB, Acid Red, 
Azure A 
Direct Yellow 11, Basazol 46L 
Direct Yellow 58, Disperse Red 
60, Vat Blue 7, Reactive Yellow 2 
21 reactive textile, other 
industrially important dyes 
Textile industrial effluent 
Acid dyes 
Direct dyes 
Textile carpet effluent 
Direct Red 23, Direct Blue 80 
Textile carpet effluent 
Acid Red 27 
Textile industrial effluent 
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OBJECTIVES OF THE PRESENT WORK 
• Peroxidases, an important group of oxidoreductases, have gained increasing interest in 
recent years owing to their significant role in the detoxification and degradation of 
aromatic pollutants. In view of their wide spectrum applications for the degradation and 
decolorization of dyes, these enzymes from two inexpensive and easily available plant 
sources; bitter gourd {Momordica charantia) and white radish {Raphanus sativus) have 
been selected. 
• In Chapter II, an effort has been made to develop a simple and high yield procedure for the 
immobilization of glycosylated BGP. Insoluble Con A-BGP complex has been obtained by 
using salt fractionated bitter gourd proteins and jack bean extract. This complex was 
entrapped into calcium alginate-pectin beads. A comparative stability study of soluble BGP 
(S-BGP), Con A-BGP complex and entrapped Con A-BGP has been performed. 
• In Chapter III, an inexpensive immobilized peroxidase preparation has been obtained by 
direct adsorption of partially purified proteins from white radish on Celite 545 and this 
preparation was crosslinked by glutaraldehyde. The stability of soluble and immobilized 
white radish peroxidase (WRP) has been compared against heat, pH, water-miscible 
organic solvents, inhibitors and heavy metals. Reusability and storage stability of 
immobilized WRP (I-WRP) was also investigated. 
• In Chapter IV, a cost effective enzymatic system has been developed for the treatment of 
water-insoluble disperse dyes; Disperse Red 17 (DR 17) and Disperse Brown 1 (DB 1). 
The role of HOBT as redox mediator in BGP catalyzed decolorization of disperse dyes has 
been optimized under various experimental conditions. 
• In Chapter V, crosslinked Celite-adsorbed WRP preparation has been employed for the 
treatment of reactive dyes. Experimental conditions for the decolorization of reactive dyes 
have been standardized. The operational stability of soluble and immobilized WRP for the 
treatment of dyes was compared in the presence of various denaturing agents. I-WRP has 
been employed in stirred batch process as well as in continuous packed-bed reactor for the 
degradation of reactive dyes. 
• In Chapter VI, calcium alginate-pectin entrapped Con A-BGP was used for the remediation 
of water contaminated with disperse dyes. The operational stability of soluble and 
entrapped BGP for treatment of disperse dyes has been studied in batch processes at 
different temperatures and at varying concentrations of enzyme. 
• In Chapter VII, calcium alginate-starch entrapped BGP preparation has been used for the 
removal of colored compounds from a textile effluent in stirred batch process as well as in 
continuous packed bed-reactor. 
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CHAPTER-II 
Studies on calcium alginate-pectin gel 
entrapped concanayalin A-bitter gom-d 
(JMomordica charantia) peroxidase 
complex 
o. 
2.1. INTRODUCTION 
Peroxidases are ubiquitous heme containing oxidoreductases, which utilize 
H2O2 for the oxidation of a wide range of substrates (Regalado et al., 2004; Husain 
and Husain, 2008). Apart from their biological role, peroxidases have been found 
effective in analytical, clinical, biotechnological, industrial and environmental 
applications (Duran and Esposito, 2000; Azevedo et ah, 2003). Recently a great deal 
of research has been directed towards developing processes where peroxidases are 
being employed in detoxification, decolorization and removal of various organic 
pollutants from wastewater (Toress et al., 2003; Husain, 2006; Husain, 2010). 
Intensive research in the area of enzyme technology has provided many approaches 
that facilitated the practical application of enzymes at large scale including biosensors 
and immobilized enzymes (de Olivera and Vieira, 2006; Gomez et al., 2006; Husain 
and Ulber, 2010). Among the different techniques used for immobilization, 
entrapment in natural biopolymers is favoured due to non-toxicity of the matrix, 
variation in bead size of the gel and high yield of immobilization (Kierstan and 
Bucke, 2000). However, there are several reports about the leakage of enzymes 
entrapped into porous polymeric matrices (Veronese et al., 2001; Musthapa et al., 
2004). Henceforth, a number of attempts have been made to prevent the leakage of 
enzymes from polymeric matrices by increasing the molecular dimensions of enzymes 
prior to their final entrapment or by entrapping pre-immobilized enzyrnes (Wilson et 
al., 2004; Betancor et al., 2005; Matto and Husain, 2006). 
Immobilization of enzymes through their amino acid side chain groups 
sometimes results in the loss of enzyme activity. Thus, an alternative strategy was 
developed for the immobilization of glycoenzymes via their glycosyl moieties. The 
carbohydrate parts of the enzymes do not participate in catalysis. However, the 
immobilization of such enzymes via glycosyl moieties seemed to be quite effective. 
Lectins are carbohydrate-binding proteins and they interact specifically with 
glycoproteins/glycoenzymes. Glycoenzymes have been successfully immobilized on 
Con A bound supports or immobilized as Con A-glycoenzyme complexes 
(Mislovicova et al., 2000; Jan et al., 2006; Kulshrestha and Husain, 2006a). 
This study presents an inexpensive, simple and high yield procedure for the 
immobilization of glycosylated BGP. Insoluble Con A-BGP complex, prepared by 
using salt fractionated bitter gourd proteins and jack bean extract, was entrapped into 
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calcium alginate-pectin beads. A comparative stability study of S-BGP, Con A-BGP 
complex and entrapped Con A-BGP was investigated. 
2.2. MATERALS AND METHODS 
2.2.1. Materials 
Sodium alginate was the product of Koch-Light Lab (Colnbrook, UK). Bovine 
serum albumin (BSA) and o-dianisidine HCl were obtained from Sigma Chem. Co. 
(St. Louis, MO, USA). Jack bean meal was purchased from DIFCO (Detroit, USA). 
Dioxane, dimethylformamide (DMF) and pectin were obtained from SRL Chemicals 
(Mumbai, India). Bitter gourd was purchased from local vegetable market. Other 
chemicals and reagents employed were of analytical grade and used without any 
further purification. 
2.2.2. Ammonium sulphate fractionation of bitter gourd proteins 
Bitter gourd (250 g) was homogenized in 500 mL of 0.1 M sodium acetate 
buffer, pH 5.5. Homogenate was filtered through four-layers of cheese-cloth. Filtrate 
was then centrifuged at the speed of 10,000 x g on a Remi C-24 Cooling Centrifuge 
for 20 min at 4 °C. The obtained clear solution was subjected to salt fractionation by 
adding 0-80% (w/v) (NH4)2S04. The mixture was continuously stirred overnight at 
4 °C for complete precipitation of proteins. The precipitate was collected by 
centrifligation at 10,000 x g on a Remi C-24 Cooling Centrifuge in 0.1 M sodium 
acetate buffer, pH 5.5 and dialyzed against assay buffer (Akhtar et al., 2005c). This 
enzyme preparation was stored for further use. 
2.2.3. Preparation of jack bean extract 
Jack bean meal (10.0 g) was suspended in 100 mL sodium phosphate buffer, 
pH 6.2. The mixture was kept overnight on a magnetic stirrer at room temperature 
(30±2 °C). The clear jack bean extract was obtained by centrifugation at 3000 x g for 
10 min and this extract was used for precipitation of ammonium sulphate fractionated 
bitter gourd proteins. 
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I.IA, Preparation of insoluble Con A-BGP complex 
To a series of tubes, constant amount of peroxidase (1200 U) was mixed with 
increasing concentrations (0.1-1.0 mL) of 10% (w/v) jack bean extract. Final volume 
of each tube was adjusted to 2.0 mL with 0.1 M sodium phosphate buffer, pH 6.2. The 
reaction mixtures were incubated overnight at 37 °C. The precipitates were collected 
by centrifugation at 3000 x g for 15 min at room temperature and were washed again 
with the same buffer to remove unbound protein. Finally, precipitates were suspended 
in 2.0 mL assay buffer. Each precipitate was analyzed for peroxidase activity. The 
precipitate. Con A-peroxidase complex, exhibiting maximum activity was taken for 
further studies. 
2.2.5. Entrapment of Con A-BGP complex in calcium alginate-pectln beads 
Con A-peroxidase complex (1350 U) was mixed with sodium alginate (2.5%) 
and pectin (2.5%)) in 10.0 mL of 0.1 M sodium acetate buffer, pH 5.5. The resulting 
mixture was slowly extruded as droplets through a 5.0 mL syringe with attached 
needle No. 20 into 0.2 M CaCl2 solution. The formation of alginate-pectin beads was 
instantaneous and beads were further gently stirred for 2 h in CaCl2 solution (Matto 
and Husain, 2006). Beads were then washed and stored in 0.1 M sodium acetate 
buffer, pH 5.5 at 4 °C for further use. 
2.2.6. Effect of enzyme loading on the activity of peroxidase 
To a series of tubes, increasing concentrations of enzyme (125-1000 U) was 
mixed to calcium alginate-pectin gel. Expression of loaded enzyme was monitored by 
assaying the activity. 
2.2.7. Effect of temperature on soluble and immobilized BGP 
S-BGP, Con A-BGP complex and calcium alginate-pectin entrapped Con A-
BGP complex (1.40 U) were incubated at 60 °C in 0.1 M sodium acetate buffer, pH 
5.5 for varying times. Aliquots of each preparation were removed at indicated time 
intervals and activity was measured. The activity obtained without incubation at 60 °C 
was taken as control (100%) for the calculation of percent activity. 
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Enzyme activity of S-BGP, Con A-BGP complex and calcium alginate-pectin 
entrapped Con A-BGP was monitored at varying temperatures (30-80 °C) in 0.1 M 
sodium acetate buffer, pH 5.5 for 15 min. 
2.2.8. Effect of pH on soluble and immobilized BGP 
Activity of S-BGP, Con A-BGP complex and calcium alginate-pectin 
entrapped Con A-BGP complex (1.40 U) was measured in the buffers of varying pH 
(3.0-10.0). The buffers used were glycine-HCl (pH 3.0), sodium acetate (pH 4.0 and 
5.0), sodium phosphate (pH 6.0-8.0) and Tris-HCl (pH 9.0 and 10.0). The molarity of 
each buffer was 0.1 M. 
2.2.9. Effect of urea on soluble and immobilized BGP 
S-BGP, Con A-BGP complex and calcium alginate-pectin entrapped Con A-
BGP preparations (1.40 U) were incubated in 4.0 M urea dissolved in 0.1 M sodium 
acetate buffer, pH 5.5. Aliquots from each preparation were removed at various time 
intervals and activity was determined. The activity obtained without incubation with 
urea was taken as control (100%) for the calculation of percent activity. 
2.2.10. Effect of organic solvents on soluble and immobilized BGP 
S-BGP, Con A-BGP complex and calcium alginate-pectin entrapped Con A-
BGP (1.40 U) were incubated with 10-60% (v/v) of water-miscible organic solvents; 
dioxane and DMF prepared in 0.1 M sodium acetate buffer, pH 5.5 at 37 °C for 1 h. 
Peroxidase activity was determined at all the indicated organic solvent concentrations. 
The activity of enzyme without exposure to organic solvent was taken as control 
(100%) for the calculation of percent activity. 
2.2.11. Effect of detergents on soluble and immobilized BGP 
Soluble and immobilized BGP (1.40 U) preparations were incubated with 
increasing concentrations of non-ionic detergents; Triton X-100 and Tween-20 (0.5-
5.0%, v/v) prepared in 0.1 M sodium acetate buffer, pH 5.5 at 37 °C for 1 h. The 
activity of enzyme was monitored at all the indicated detergent concentrations 
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(Akhtar et al, 2005c). The activity of enzyme without exposure to detergent was 
taken as control (100%) for the calculation of percent activity. 
2.2.12. Measurement of peroxidase activity 
Peroxidase activity was determined by a change in optical density (A460 nm) at 
37 °C by measuring initial rate of oxidation of 6.0 mM o-dianisidine HCl in the 
presence of 18.0 mM H2O2 in 0.1 M sodium acetate buffer, pH 5.5 for 15 min at 37 °C 
(Kulshrestha and Husain, 2007). Appropriate aliquots of BGP were taken in a set of 
test tubes. Volume of each tube was made up to 2.8 mL with 0.1 M sodium acetate 
buffer, pH 5.5. o-Dianisidine HCI and H2O2 (100 |iL, each) was added to the tubes 
and mixed properly. The total reaction volume was 3.0 mL in all the tubes. The 
reaction was stopped by adding 1.0 mL 6.0 N HCl in each tube. The reaction volume 
was again mixed and the absorbance was taken at 460 nm against the reagent blank. 
Immobilized enzyme preparation was continuously agitated for entire duration 
of assay. The assay was highly reproducible with immobilized enzyme preparation. 
One unit (1.0 U) of peroxidase activity was defined as the amount of enzyme 
protein that catalyzed the oxidation of 1.0 fi mole of o-dianisidine HCl per min at 37 
°C into colored product (8n, at 460 nm= 30,000 M''cm''). 
2.2.13. Protein estimation 
Protein concentration was determined by the method of Lovvry et al. (1951). A 
suitable aliquot of the protein sample was diluted to 1.0 mL with distilled water. To 
this, 5.0 mL of freshly prepared alkaline copper reagent was added. The alkaline 
copper reagent was prepared by mixing copper sulphate (1%, w/v), sodium potassium 
tartarate (2%, w/v) and sodium carbonate (2%, w/v) prepared in 0.1 N NaOH in the 
ratio of 1:1:100. After incubation for 10 min at room temperature, 0.5 mL of 1.0 N 
Folin's reagent was added. The contents were mixed and color intensity was read after 
30 min incubation against the reagent blank at 660 nm. BSA was used as standard 
protein. 
2.2.14. Statistical analysis 
Each value represents the mean for three-independent experiments performed 
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in duplicates, with average standard deviations, <5%. The data expressed in various 
studies was plotted using Sigma Plot-10.0 and expressed as mean with standard 
deviation of error (±). Data was analyzed by one-way ANOVA. P-values <0.05 were 
considered statistically significant. 
2.3. RESULTS 
2.3.1. Partial purification and immobilization of BGP 
The crude extract of bitter gourd exhibited initial specific activity of 
peroxidase as, 88 U g"' of the vegetable. Peroxidase was partially purified by 
ammonium sulphate precipitation and specific activity of the preparation was 
increased 3.5 folds over the crude enzyme. This enzyme preparation was used for 
further immobilization. 
Figure 1 shows the insolubilization of bitter gourd proteins by jack bean 
extract. The maximum precipitation of peroxidase activity 86% was obtained by using 
0.4 mL of 10% jack bean extract. However, the entrapment of Con A-BGP complex 
into calcium alginate-pectin gel resulted in a further loss of peroxidase activity. The 
entrapped Con A-BGP complex retained 51% of the initial activity (Table 4). 
Effect of enzyme loading on the entrapped activity has been shown in Figure 
2. The expressed activity was increased up to loading of 500 U mL'' of gel. There was 
no enhancement in entrapped enzyme activity on further addition of BGP. The 
optimum concentration of 500 U mL'' was sufficient for maximum expression of 
peroxidase activity by entrapped preparation. 
2.3.2. Effect of temperature on soluble and immobilized BGP 
Figure 3 demonstrates the temperature-activity profiles of S-BGP, Con A-BGP 
complex and entrapped Con A-BGP complex. Soluble and immobilized BGP 
preparations exhibited maximum activity at 40 °C. However, the entrapped Con A-
BGP and Con A-BGP complex retained greater fraction of catalytic activity at higher 
temperatures as compared to their soluble counterpart. 
S-BGP, Con A-BGP complex and calcium alginate-pectin entrapped Con A-
BGP were incubated at 60 °C for various time intervals. S-BGP lost nearly 60% of its 
initial activity after 2 h incubation whereas entrapped Con A-BGP retained 
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Figure 1: Insolubilization of BGP by using jack bean extract 
S-BGP (1200 U) was independently incubated with increasing 
concentrations of 10% jack bean extract (0.1-1.0 mL) in a total volume of 
2.0 mL of 0.1 M sodium phosphate buffer, pH 6.2 for 12 h at 37 °C. After 
incubation, precipitate of each preparation was collected, washed and 
activity was determined as described in the text. 
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Table 4: Immobilization of BGP by using Con A and calcium alginate-pectin gel 
Type of immobilization 
Con A-peroxidase complex 
Calcium alginate-pectin gel 
entrapped Con A-peroxidase 
Original activity 
(%) 
100 
100 
Expressed activity 
(%) 
86 
51 
Each value represents the mean for three independent experiments performed in 
duplicates, with average standard deviations, < 5%. 
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Figure 2: Effect of enzyme loading on the activity of peroxidase entrapped into 
alginate-pectin beads 
The increasing concentration (125-1000 U) of peroxidase was entrapped 
into calcium alginate-pectin beads. 
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Figure 3: Temperature-activity profiles for soluble and immobilized BGP 
S-BGP, Con A-BGP complex and entrapped Con A-BGP complex (1.40 
U) were assayed in 0.1 M sodium acetate buffer, pH 5.5 at various 
temperatures (30-80 °C). Activity expressed at 40 °C was taken as control 
(100%) for the calculation of remaining percent activity. 
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about 75% of original activity under identical conditions (Figure 4). 
2.3.3. Effect of pH on soluble and immobilized BGP 
Figure 5 demonstrates the effect of pH on the activity of S-BGP, Con A-BGP 
and entrapped Con A-BGP. The pH-optimum was at pH 5.5 for all the enzyme 
preparations. However, immobilized BGP preparations showed significant broadening 
in pH-activity profiles indicating a marked increase in stability. The broadening in 
pH-activity profiles remarkably increased in case of entrapped Con A-BGP. 
2.3.4. Effect of urea on soluble and immobilized BGP 
Soluble and immobilized BGP preparations were incubated with 4.0 M urea 
for varying times (Figure 6). Entrapped Con A-BGP was highly resistant to urea 
induced inactivation compared to S-BGP and Con A-BGP complex which lost nearly 
50% and 40%) of the initial activity, respectively. However, entrapped Con A-BGP 
retained nearly 80% of its initial activity even after 2 h incubation. 
2.3.5. Effect of organic solvents on soluble and immobilized BGP 
Effect of increasing concentrations of dioxane (10-60%, v/v) on the activity of 
soluble and immobilized BGP preparations was observed. The soluble enzyme 
retained only 23% of its original activity upon exposure to 60%) (v/v) dioxane while 
Con A-BGP complex and entrapped Con A-BGP under identical exposure to dioxane 
retained nearly 26% and 43% of their initial activity, respectively (Table 5). 
Incubation of soluble and immobilized BGP preparations with increasing 
concentrations of DMF (10-60%, v/v) resuhed in decrease in the enzyme activity. S-
BGP lost nearly 94% of its initial activity after exposure to 60%) (v/v) of DMF for 2 h 
while Con A-BGP complex and entrapped Con A-BGP retained nearly 28% and 
32% of the original activity under identical exposure, respectively (Table 5). 
2.3.6. Effect of detergents on soluble and immobilized BGP 
Soluble and immobilized BGP preparations were treated with increasing 
concentrations of Triton X-100 and Tween-20 for 1 h at 37 °C. Entrapped Con A-BGP 
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Figure 4: Thermal denaturation of soluble and immobilized BGP 
S-BGP, Con A-BGP complex and entrapped Con A-BGP complex (1.40 U) 
were incubated at 60 °C for various time periods in 0.1 M sodium acetate 
buffer, pH 5.5. Aliquots were removed at indicated time intervals and 
chilled quickly in crushed ice. The enzyme activity was determined after 
bringing the enzyme at 37 °C. The un-incubated samples at 60 °C were 
taken as control (100%) for the calculation of remaining percent activity. 
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Figure 5: pH-activity profiles for soluble and immobilized BGP 
S-BGP, Con A-BGP complex and entrapped Con A-BGP (1.40 U) were 
assayed in buffers of varying pH (3.0-10.0). The molarity of each buffer 
was 0.1 M. The activity at pH 5.5 for all the preparations was taken as 
control (100%) for the calculation of remaining percent activity. 
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Figure 6: Effect of urea on soluble and immobilized BGP 
S-BGP, Con A-BGP complex and entrapped Con A-BGP preparations 
(1.40 U) were incubated in 4.0 M urea in 0.1 M sodium acetate buffer, pH 
5.5. Aliquots were removed at various time intervals and activity was 
determined as described in the text. Urea untreated samples were taken as 
control (100%) for the calculation of remaining percent activity. 
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Table 5: Effect of organic solvents on soluble and immobilized BGP 
Organic 
solvent 
(%, v/v) 
10 
20 
30 
^^ 
50 
60 
S-BGP 
58.65±1.36 
50.12±2.23 
48.24±1.45 
38.67±1.67 
33.11±2.07 
22.98±2.66 
Dioxane 
Con A-BGP 
complex 
81.79*±1.56 
73.67*±1.11 
63.10*±2.23 
54.23 *± 1.98 
43.69*±1.23 
25.92*±1.16 
Remaining activity (%) 
Entrapped 
Con A-BGP 
94.76*±1.21 
84.12*±1.34 
65.97*±0.97 
62.78*±l.n 
51.22*±1.23 
42.94 *±1.23 
S-BGP 
54.67±1.43 
52.68±2.II 
52.22±1.68 
44.17± 1.47 
23.92±1.23 
6.24±1.99 
DMF 
Con A-BGP 
complex 
68.82"* 1.78 
66.25**1.43 
62.79''±2.12 
57.94"* 1.78 
43.24"±1.32 
28.22"±0.98 
Entrapped 
Con A-BGP 
92.79"±0.97 
85.25"±I.I2 
77.89"±0.89 
64.79"±1.32 
46.98"* 1.24 
32.24"±1.76 
Effect of various concentrations of organic solvents on soluble and immobilized BGP 
was analyzed by one-way ANOVA. * and denotes that the values (P<0.05) were 
statistically significant when Con A-BGP complex and entrapped Con A-BGP was 
compared with S-BGP, with respect to dioxane and DMF, respectively. 
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retained 42% and 36% of its initial activity in the presence of 5.0% (v/v) Triton X-100 
and Tween-20, respectively. However, S-BGP exhibited only 23% and 26% of the 
initial activity in the presence of 5.0% Triton X-100 and Tween-20, respectively 
(Table 6). 
2.4. DISCUSSION 
Recently, immobilized enzymes have attracted a lot of attention for their use 
as biocatalyst in the removal/biotransformation of toxic aromatic organic compounds 
present in wastewater (Duran et al., 2002; Husain and Ulber, 2010). Several 
procedures have been used for the immobilization/stabilization of enzymes, but very 
few can meet the requirements of enzyme immobilization directly from the crude 
homogenate. The immobilized enzymes must be obtained by a cost-effective and 
technologically convenient method (Kulshrestha and Husain, 2006a; 2006b). Calcium 
alginate mediated entrapment has attracted much attention in the detoxification of 
aromatic compounds present in the industrial effluents (Matto and Husain, 2009a; 
2009b). 
The present study aimed to work out an inexpensive, simple and high yield 
procedure for the immobilization of BGP that would be of extreme interest in the 
remediation of several types of aromatic compounds present in wastewater/industrial 
effluents. It has earlier been reported that the major peroxidases from bitter gourd are 
glycosylated (Fatima and Husain, 2007b). Soluble enzymes could leach out of beads 
on long standing or use (Kierstan and Bucke, 2000; Musthapa et al, 2004). In order to 
overcome the leaching of enzymes out of porous gel beads, the insoluble Con A-BGP 
complex was prepared by using jack bean extract and salt fractionated BGP proteins. 
This Con A-BGP complex was subsequently entrapped into calcium alginate-pectin 
gel. Immobilization by means of entrapment is a very rapid and simple technique. 
Several earlier reports indicated that crosslinked enzymes or pre-immobilized 
enzymes could retain inside the polymeric matrices for longer periods than the soluble 
enzymes and that the crosslinking of enzymes also provided higher mechanical and 
operational stability (Wilson et al., 2004; Betanccr et al., 2005). It has been suggested 
that the enzymes with high molecular mass could stay for longer period inside the 
polymeric matrix. Moreover, the pre-immobilization of enzymes increased molecular 
dimensions of the enzymes and thus prevented its leaching from the porous alginate 
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Table 6: Effect of detergents on soluble and immobilized BGP 
Detergent 
(%, v/v) 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
S-BGP 
64.69±1.23 
44.24±1.76 
40.65±2.14 
36.28±1.98 
32.13±1.67 
30.68±2.23 
30.27±2.42 
28.22±2.76 
26.14±1.77 
23.23±01.47 
Triton X-100 
Con A-BGP 
complex 
87.34*±1.56 
67.87*±2.16 
61.32*±1.45 
52.12*±1.89 
49.78*±2.56 
42.12*±2.15 
39.33*±1.57 
36.24*±1.37 
35.21*±2.14 
30.81*±1.98 
Remaining activity (%) 
Entrapped 
Con A-BGP 
92.24*±1.32 
83.97*±1.26 
74.79*±2.43 
73.36*±1.96 
71.24*±2.11 
66.85*±2.23 
55.79*±2.16 
54.21*± 1.86 
52.11*±1.76 
42.16*±1.11 
S-BGP 
65.23±1.24 
54.98±1.67 
44.75±2.56 
42.24±2.18 
38.96±2.11 
36.32±1.23 
33.22±1.97 
31.25±1.23 
28.69±1.65 
25.87±1.45 
Tween-20 
Con A-BGP 
complex 
86.78''±1.45 
68.24''±1.67 
57.89''±2.12 
43.79''±2.24 
43.34''±1.68 
40.2 r ± 1.57 
38.24''±1.83 
35.79"±2.43 
33.68''±1.33 
33.12*±1.36 
Entrapped 
Con A-BGP 
99.89**1.32 
74.23''±2.13 
65.89"* 1.68 
57.91**1.54 
49.24''±2.16 
42.11**1.88 
39.97**1.76 
39.11**1.45 
37.43**2.25 
35.69**2.14 
Effect of various concentrations of detergents on soluble and immobilized BGP was 
analyzed by one-way ANOVA. * and denotes that the values (/'<0.05) were 
statistically significant when Con A-BGP complex and entrapped Con A-BGP was 
compared with soluble BGP, with respect to Triton X-100 and Tween-20, 
respectively. 
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beads (Musthapa et al., 2004). 
Immobilization gives an additional stability to the enzymes against various 
denaturing agents. This is due to their enhanced resistance to unfolding provided by 
multipoint covalent/non-covalent attachment with the matrix (Duran et al., 2002; 
Pedroche et al., 2007). Con A-BGP complex and entrapped Con A-BGP complex 
were significantly more stable against the denaturation caused by heat, pH, urea, 
organic solvents and detergents. It has been shown earlier that peroxidase bound to 
Con A and entrapped into calcium alginate-pectin beads exhibited very high 
stabilization against various forms of denaturation (Matto and Husain, 2006). 
The maximum precipitation 86% of peroxidase activity was obtained by jack 
bean extract (Figure 1). It indicated that the major peroxidase isoenzymes of bitter 
gourd are glycosylated. Entrapped Con A-peroxidase complex retained 51% of the 
original activity (Table 4). This result is in agreement with the earlier reports (Matto 
and Husain, 2006) 
Resistance of enzyme to high temperatures was greatly increased by 
immobilization (Figure 3,4). Calcium alginate-pectin entrapped Con A-peroxidase 
complex retained its structure and remarkably high activity at elevated temperatures. 
Therefore, such enzyme preparation could be exploited at relatively higher 
temperatures. Improvement in thermal stability of alginate-pectin entrapped Con A-
BGP preparation may come from multipoint attachment of peroxidases with Con A. 
This enhancement in thermal stability was due to formation of several linkages 
between enzyme and support (Przybyt and Bialkowska, 2002; Jan et al., 2006). 
Figure 5 shows that entrapped Con A-peroxidase complex was more resistant 
to pH changes. This predicted that entrapment of enzymes in gel beads provided a 
microenvironment for the enzyme, which might play an important role in the state of 
protonation of the protein molecules (Musthapa et al., 2004). The formation of Con 
A-peroxidase complex conferred additional resistance to the enzyme against extreme 
conditions of pH (Lopez et al., 2004; Akhtar et al., 2005c). 
Urea at a concentration of 4.0 M is a strong denaturant of some proteins and it 
irreversibly denatured BGP (Fatima and Husain, 2007a; 2007b). Entrapped enzyme 
was found to be more resistant to urea induced denaturation as compared to other 
enzyme preparations (Figure 6). However, the action mechanism of urea on protein 
structure has not yet been completely understood. Several earlier fi^'ndings have 
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demonstrated that protein is unfolded by tiie direct interaction of urea molecule with a 
peptide backbone via hydrogen bonding and/or hydrophobic interaction, which 
contributes to the maintenance of protein conformation (Makhatadze and Privalor, 
1992). It has been shown that the complexing of several enzymes with Con A resulted 
in an enhancement of their resistance to denaturation (Akhtar et al., 2005c; Matto and 
Husain, 2006). These observations clearly indicated that the entrapment of Con A-
peroxidase complex protected it from urea induced inactivation. 
Investigation of the role of some water-miscible organic solvents on the 
activity of immobilized enzymes is very important because industrial effluents contain 
organic solvents together with other organic pollutants. Entrapped Con A-BGP 
complex showed remarkably high stabilization against inactivation caused by dioxane 
and DMF as compared to S-BGP and Con A-BGP complex (Table 5). Akhtar et al. 
(2005c) also suggested that bioaffinity bound enzymes were significantly more stable 
against exposure to water-miscible organic solvents. 
Wastewater from various elimination sites contains several types of 
denaturants, including detergents that can strongly denature the enzymes used for the 
treatment of polluted wastewater. The effect of detergents on the activity of entrapped 
BGP must be examined prior to its application in the treatment of wastewater 
contaminated with hazardous organic compounds. Our observations suggested that 
entrapped Con A-BGP complex was markedly more stable to inactivation induced by 
detergents such as Triton X-100 and Tween-20. Entrapped Con A-BGP worked more 
efficiently in the presence of contaminants like detergents (Table 6). In earlier studies, 
it has been shown that immobilized peroxidase was significantly more stable against 
denaturation induced by some house hold detergents (Musthapa et al., 2004; Akhtar et 
al., 2005c; Matto and Husain, 2006). 
This study showed that the alginate-pectin entrapped Con A-BGP preparation 
exhibited significantly higher stability against physical and chemical denaturants 
compared to S-BGP and Con A-BGP complex. Thus, entrapped BGP preparations 
with high stability could be exploited for developing bioreactors for the treatment of 
various aromatic pollutants present in wastewater derived from various agricultural 
and industrial activities. 
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CHAPTER-III 
Adsorption of peroxidase on Celite 545 
directly from ammonium sulphate 
fractionated vi^hite radish {Miaphanus 
satirus) proteins 
3.1. INTRODUCTION ^ ^ > ^ ^ ! [ ^ ^ H S ^ 
Adsorption of enzymes on particulate carriers is potentially one of the most 
cost-effective and simple immobilization techniques. This can be accomplished by 
equilibrating an enzyme solution with the support followed by washing of the enzyme 
preparation (Wehtje et al., 1993). Wide applicability and a practical convenience of 
simple regeneration of support by removing the deactivated enzyme and reloading the 
support with fresh batch of active catalyst are the benefits offered by physical 
adsorption (Leontievsky et al., 2001; Khan et al., 2005). Celite, an inorganic 
microporous support, is inexpensive and suitable for the immobilization of both 
purified and partially purified preparations of the enzymes owing to its desirable 
physical properties (Mansourand Dawoud, 2003; Khan et al., 2006; Cho et al., 2008). 
Modified Celite has already been used by several other workers for the 
immobilization of enzymes (Jeong et al., 2000; Shim et al., 2007). 
In this study, an attempt has been made to obtain an inexpensive immobilized 
peroxidase preparation by direct adsorption of partially purified proteins from white 
radish on Celite 545 followed by crosslinking with glutaraldehyde. The stability of 
soluble and immobilized WRP has been compared against heat, pH, water-miscible 
organic solvents, inhibitors and heavy metals. Reusability and storage stability of 
immobilized WRP was also investigated. 
3.2. MATERIALS AND METHODS 
3.2.1. Materials 
Celite 545 (20-45 \i mesh) was obtained from Serva Labs. (Heidelberg, 
Germany). o-Dianisidine HCl and BSA were obtained from Sigma Chem. Co. (St. 
Louis, MO, USA). DMF, dimethylsulfoxide (DMSO), «-propanol and ammonium 
sulphate were obtained from SRL Chemicals (Mumbai, India). White radish was 
purchased from local vegetable market. Other chemicals and reagents employed were 
of analytical grade and used without any further purification. 
55 
2)2.1. Ammonium sulphate fractionation of white radish proteins 
White radish (250 g) was homogenized in 500 mL of 0.05 M sodium acetate 
buffer, pH 5.5. Homogenate was filtered through four-layers of cheese-cloth. Filtrate 
was then centrifuged at the speed of 10,000 x g on a Remi C-24 Cooling Centrifuge 
for 20 min at 4 °C. The clear solution thus obtained was subjected to salt fractionation 
by adding 10-90% (w/v) (NH4)2S04. The mixture was continuously stirred overnight 
at 4 °C for complete precipitation of proteins. The precipitates were collected by 
centrifugation at 10,000 x g on a Remi C-24 Cooling Centrifuge in 0.05 M sodium 
acetate buffer, pH 5.5 and dialyzed against assay buffer. This enzyme preparation was 
stored for further use. 
3.2.3. Immobilization of WRP on Celite 545 
Celite 545 (3.0 g) was suspended in 50 mL of distilled water and stirred for 1 
h at room temperature. The fine particles present in the suspension were removed by 
decantation and this procedure was repeated at least thrice (Khan et al., 2006). The 
binding of soluble WRP (S-WRP) on Celite 545 was carried out by incubating 1020 U 
of WRP g'' of Celite 545 at 4 °C overnight. WRP adsorbed on Celite 545 was then 
crosslinked by 0.5% glutaraldehyde for 2 h at 4 °C. Glutaraldehyde crosslinked WRP 
(I-WRP) was finally suspended in 15.0 mL of 0.05 M sodium acetate buffer, pH 5.5 
and stored at 4 "C for further use. 
3.2.4. Effect of pH on soluble and immobilized WRP 
Activity of soluble and immobilized WRP (0.9 U) was measured in the 
buffers of varying pH (2.0-10.0). The buffers used were glycine-HCl (pH 2.0 and 
3.0), sodium acetate (pH 4.0 and 5.0), sodium phosphate (pH 6.0-8.0) and Tris-HCl 
(pH 9.0 and 10.0). The molarity of each buffer was 0.05 M. 
3.2.5. Effect of temperature on soluble and immobilized WRP 
The activity of soluble and immobilized WRP was measured at varying 
temperatures (20-80 °C) in 0.05 M sodium acetate buffer, pH 5.5 for 15 min. 
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Tn another set of experiment, soluble and immobilized WRP (0.9 U) were 
independently incubated at 60 °C in 0.05 M sodium acetate buffer, pH 5.5 for varying 
times. Aliquots of each preparation were removed at indicated time intervals and 
activity was measured. The activity obtained without incubation at 60 °C was taken as 
control (100%) for the calculation of remaining percent activity. 
3.2.6. Effect of organic solvents on soluble and immobilized WRP 
Soluble and immobilized WRP (0.9 U) were independently incubated with 10-
50% (v/v) of water-miscible organic solvents; DMF, DMSO and w-propanol in 0.05 
M sodium acetate buffer, pH 5.5 at 37 °C for 1 h. Peroxidase activity was determined 
at all the indicated organic solvent concentrations. The activity of enzyme without 
exposure to organic solvent was taken as control (100%) for the calculation of 
remaining percent activity. 
3.2.7. Effect of sodium azide (NaNs) on soluble and Immobilized WRP 
Soluble and immobilized WRP (0.9 U) were independently pre-incubated for 
1 h with increasing concentration of NaNs (0.02-0.1 mM) in 0.05 M sodium acetate 
buffer, pH 5.5 at 37 "C. The activity of enzyme without exposure to NaNs was 
considered as control (100%) for the calculation of remaining percent activity. 
3.2.8. Effect of mercuric chloride (HgC^on soluble and immobilized WRP 
Soluble and immobilized WRP (0.9 U) were incubated independently with 
HgCb (1.0-5.0 mM) in 0.05 M sodium acetate buffer, pH 5.5 at 37 °C for 1 h. The 
activity of enzyme without exposure to HgCh was taken as control (100%) for the 
calculation of remaining percent activity. 
3.2.9. Determination of K^ and Vmax of soluble and immobilized WRP with 
respect to o-dianisidine HCl 
The initial enzymatic activity was measured at various concentrations of o-
dianisidine HCl. The solutions having different concentrations of o-dianisidine HCl 
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ranging from 0.004-0.08 mM were treated with WRP (0.9 U) in the presence of 18.0 
mM H2O2 in 0.05 M sodium acetate buffer, pH 5.5 at 37 "C for 15 min. 
3.2.10. Reusability of immobilized WRP 
I-WRP was taken in triplicates for assaying the peroxidase activity. After each 
assay the immobilized enzyme preparation was taken out, washed and stored 
overnight in 0.05 M sodium acetate buffer, pH 5.5 at 4 °C. The activity was assayed 
for six successive days. The activity determined for the first time was considered as 
control (100%) for the calculation of remaining percent activity after each use. 
3.2.11. Storage stability of soluble and immobilized WRP 
Soluble and immobilized WRP preparations were stored at 4 °C in 0.05 M 
sodium acetate buffer, pH 5.5 for over 40 d. The aliquots from each preparation were 
taken out in triplicates at the gap of 5 d and were analyzed for the remaining enzyme 
activity. The enzyme activity measured on first day was considered as control (100%) 
for the calculation of remaining storage activity. 
3.2.12. Measurement of peroxidase activity 
Peroxidase activity was determined in 0.05 M sodium acetate buffer, pH 5.5 
for 15 min at 37°C as mentioned in Chapter II, Section 2.2.12. 
3.2.13. Protein estimation 
Protein concentration was estimated as described in Chapter II, Section 2.2.13. 
3.2.14. Statistical analysis 
It was done as described in Chapter II, Section 2.2.14. 
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3.3. RESULTS 
3.3.1. Partial purification of WRP 
Crude extract of white radish exhibited initial specific activity of 281 U mg'' 
of protein. Peroxidase was partially purified by ammonium sulphate precipitation and 
specific activity of this preparation was increased 2 folds over crude enzyme. This 
enzyme preparation was used for direct immobilization on Celite 545. 
3.3.2. Immobilization of WRP on Celite 545 
Partially purified WRP was directly adsorbed on an inorganic support, Celite 
545, and adsorbed enzyme preparation was crosslinked by 0.5% glutaraldehyde for 2 
h at 4 °C. Activity yield for adsorbed WRP was 70% but after crosslinking with 
glutaraldehyde the activity was reduced to 60% (Table 7). 
3.3.3. Effect of pH 
Figure 7 demonstrates the effect of pH on the activity of soluble and 
immobilized WRP. Both soluble and immobilized WRP showed the same pH-optima, 
pH 5.5. However, I-WRP retained significantly high enzyme activity at acidic and 
alkaline side of pH-optima as compared to S-WRP. 
3.3.4. Effect of temperature 
Soluble and immobilized WRP preparations exhibited same temperature-
optima at 40 °C (Figure 8). I-WRP retained remarkably higher fraction of catalytic 
activity at temperatures below and above the temperature-optimum as compared to S-
WRP. I-WRP showed 64% activity at 80 "C while S-WRP retained only 47% activity 
at this temperature. 
Soluble and immobilized WRP were incubated at 60 °C for various time 
intervals. Incubation of S-WRP at 60 °C for 2 h resulted in a loss of 78% of its initial 
activity, however, I-WRP retained 44% of the original activity under identical 
inruhafinn c.nnAii'ianR TFieure 9). 
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Table 7: Immobilization of WRP on Celite 545 
Enzyme immobilized preparation 
Celite adsorbed WRP 
Celite adsorbed and crosslinked WRP 
Activity expressed (%) 
70.12±2.14 
60.23±1.36 
Each value represents the mean for three independent experiments performed in 
duplicates, with average standard deviations, < 5%. 
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Figure 7: pH-activity profiles for soluble and immobilized WRP 
The activity of soluble and immobilized WRP (0.9 U) was measured in the 
buffers of varying pH. The molarity of each buffer was 0.05 M. The 
activity at pH 5.5 for all the preparations was taken as control (100%) for 
the calculation of remaining percent activity. 
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Figure 8: Temperature-activity profiles for soluble and immobilized WRP 
The activity of soluble and immobilized WRP (0.9 U) was measured in 
0.05 M sodium acetate buffer, pH 5.5 at various temperatures (20-80 "C). 
The activity obtained at 40 "C was taken as control (100%) for the 
calculation of remaining percent activity. 
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Figure 9: Thermal denaturation of soluble and Celite adsorbed WRP 
Soluble and immobilized WRP (0.9 U) were incubated at 60 °C for various 
times in 0.05 M sodium acetate buffer, pH 5.5. Aliquots from each 
preparation were taken at indicated time intervals and chilled quickly in 
crushed ice for 5 min. Enzyme activity was determined as described in the 
text. Activity obtained without incubation at 60 °C was taken as control 
(100%) for the calculation of remaining percent activity. 
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3.3.5. Effect of organic solvents 
The effect of increasing concentrations of water-miscible organic solvents; 
DMF, DMSO and «-propanol (10-50%, v/v) on the activity of soluble and 
immobilized WRP is shown in Table 8. Soluble and immobilized WRP showed 
activation in the presence of DMSO and there was an increase in the activation of 
both enzyme preparations till 40% DMSO. However, after this concentration a 
gradual decrease in activation was observed. I-WRP exhibited an activation of 165% 
when exposed to 10% (v/v) DMSO for 1 h at 37 °C. Moreover, S-WRP demonstrated 
an activation of activity up to 132% under identical incubation conditions. 
An enhancement in the activity of I-WRP was observed in the presence of 
lower concentrations of DMF and «-propanol. At higher concentrations of these 
solvents, the activity of I-WRP was decreased, although decrease in I-WRP activity 
was quite low as compared to S-WRP (Table 8). 
3.3.6. Effect of NaNa 
Figure 10 demonstrates the effect of NaNs on the activity of soluble and 
immobilized WRP. S-WRP lost 61% of its initial activity while I-WRP retained 86% 
of its activity after 1 h exposure to 0.02 mM NaNs. Thus, NaNs was found to be a 
strong inhibitor of WRP activity. Moreover, ethylenediamine tetracetic acid (EDTA) 
had no significant inhibitory effect on the activity of soluble and immobilized WRP 
even when its concentration was increased to 20 mM (data not shown). 
3.3.7. Effect of HgCb 
I-WRP retained 96% activity in the presence of 1.0 mM HgCb whereas S-
WRP exhibited 65% activity under identical exposure (Figure 11). Immobilized and 
soluble WRP preparations were more resistant to inactivation caused by CdCh and 
ZnCb. Increasing the concentration of these heavy metals up to 20 mM exhibited no 
marked influence on activity of both enzyme preparations (data not shown). 
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Table 8: Effect of organic solvents on soluble and Celite adsorbed WRP 
Organic 
solvent 
(%, v/v) 
10 
20 
30 
40 
50 
Remaining activity (%) 
DMSO 
S-WRP 
132.24±2.12 
149.43±2.34 
154.69±1.56 
157.44±1.78 
153.21±2.14 
I-WRP 
164.78±1.45 
183.78±1.68 
188.23±2.15 
193.16±1.65 
177.35±1.76 
DMF 
S-WRP 
99.13±2.64 
90.32±2.13 
86.76±1.24 
83.34±1.57 
76.79±2.18 
I-WRP 
130.32±1.24 
123.34±2.36 
118.76±2.21 
105.78±1.56 
92.45±1.52 
«-Propanol 
S-WRP 
97.23±2.11 
86.35±2.21 
60.86±1.87 
54.35±2.27 
40.14±1.83 
I-WRP 
124.28±2.16 
120.78±2.76 
95.43±2.35 
75.69±1.68 
62.21±1.87 
Soluble and immobilized WRP (0.9 U) were independently incubated with increasing 
concentrations of DMF/DMSO/«-propanol (10-50%, v/v) in 0.05 M sodium acetate 
buffer, pH 5.5 at 37 °C for 1 h. Peroxidase activity was assayed at all the indicated 
organic solvent concentrations. The activity of soluble and immobilized WRP in assay 
buffer without any organic solvent was taken as control (100%) for the calculation of 
remaining percent activity. 
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Figure 10; Effect of NaNj on soluble and Celite adsorbed WRP 
Soluble and immobilized WRP (0.9 U) were incubated with NaNs (0.02-
0.1 mM) in 0.05 M sodium acetate buffer, pH 5.5 for 1 h. Activity 
obtained without exposure to NaNs was taken as control (100%) for the 
calculation of remaining percent activity. 
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Figure 11: Effect of HgCh on soluble and Celite adsorbed WRP 
Soluble and immobilized WRP (0.9 U) were incubated with HgCb (1.0-
SS) mM) in 0.05 M sodium acetate buffer, pH 5.5 for 1 h. Activity 
obtained without exposure to HgC^ was taken as control (100%) for the 
calculation of remaining percent activity. 
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3.3.8. Determination of JTmand Vmax of soluble and immobilized WRP 
Kinetic parameters of soluble and immobilized WRP were calculated by 
performing an experiment with different concentrations of o-dianisidine HCl. The plot 
of initial enzyme activity vs different concentrations of o-dianisidine HCl for both 
enzyme preparations followed the hyperbolic pattern as expected according to the 
Michaelis-Menten kinetics (data not given). Moreover, the Lineweaver-Burk plots of 
soluble and immobilized WRP were also found to be linear. The values of Michaelis-
Menten constant, Km, for soluble and immobilized WRP were 0.056 mM and 0.07 
mM, respectively. The Vmax values of soluble immobilized WRP were found to be 
19.7 and 14.2 mM min'^ respectively (Table 9). 
3.3.9. Reusability of immobilized WRP 
Reusability of immobilized WRP preparation has been shown in Figure 12. 
After 6"^  repeated use, 1-WRP retained 51% of the original activity. 
3.3.10. Storage stability of soluble and immobilized WRP 
Storage stability of soluble and immobilized WRP preparations at 4 "C was 
monitored at a gap of 5 d for over 40 d (Figure 13). Immobilized WRP retained 
almost 60% of the original activity after a period of 40 d storage at 4 °C, whereas the 
soluble peroxidase exhibited only 17% activity under identical storage conditions. It 
showed that I-WRP was highly stable on storage at 4 °C. 
3.4. DISCUSSION 
Immobilization of enzymes by adsorption is a very simple, economical and 
effective procedure for the direct binding of enzymes from partially purified 
preparation or even from crude homogenates (Khan et al., 2006; Kulshrestha and 
Husain, 2006a). This study deals with the immobilization of WRP simply by 
adsorption on Celite 545, a diatomaceous earth, directly from ammonium sulphate 
precipitated proteins of white radish followed by crosslinking with glutaraldehyde. 
Diatomite carriers have widely been used as support for the immobilization of 
enzymes (Fadyloglu, 2001; Cho et al., 2008). The binding of WRP on Celite 545 
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Table 9: Kinetic parameters for soluble and Celite adsorbed WRP 
Enzyme preparation 
S-WRP 
I-WRP 
Km{x^M) 
0.056±1.21 
0.07±2.13 
Vmax (mM min'') 
19.7±2.45 
14.2±1.62 
Soluble and immobilized WRP (0.9 U) were incubated with different concentrations 
of o-dianisidine HCl (0.004-0.08 mM) in 0.05 M sodium acetate buffer, pH 5.5 at 37 
"C for 15 min. Each value represents the mean for three different experiments 
performed in duplicates with average standard deviations, <5%. 
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Figure 12: Reusability of Celite adsorbed WRP 
I-WRP (0.9 U) was assayed in 0.05 M sodium acetate buffer, pH 5.5 as 
described in the text. After each assay, immobilized enzyme was taken out 
and stored in assay buffer overnight for next use. This procedure was 
repeated for six consecutive days. 
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Figure 13: Storage stability of soluble and Celite adsorbed WRP 
Soluble and immobilized WRP preparations were stored at 4 "C in 0.05 M 
sodium acetate buffer, pH 5.5 for over 40 d. The aliquots (0.9 U) from 
each preparation were taken in triplicates at the gap of 5 d and were then 
analyzed for the remaining enzyme activity. The enzyme activity 
measured on the first day was considered as control (100%) for the 
calculation of further storage activity. 
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showed an immobilization yield of 70% at pH 5.5 while the activity was decreased to 
60% after crosslinking (Table 7). Several reports are available which showed pH-
dependent adsorption of enzymes on various supports (Khan et al., 2006). I-WRP was 
quite stable at extreme conditions of pH and temperature (Figure 7-9). Several earlier 
investigators have found that enzymes adsorbed on Celite support were also quite 
stable to exposure caused by extreme conditions of pH and temperature (Leontievsky 
et al., 2001; Khan et al., 2006). 
Enzymes exploited for the treatment of wastewater containing aromatic 
pollutants would be affected by the presence of water-miscible organic solvents. 
Therefore, the stability of this I-WRP has been investigated against some water-
miscible organic solvents. I-WRP was found to be quite stable against inactivation 
caused by the exposure to DMF, DMSO and w-propanol (Table 8). It has already been 
reported that immobilization of enzymes by multipoint attachment protected them 
from denaturation mediated by organic solvents (Kulshrestha and Husain, 2006a; 
2006b). Some other workers have also described that the stabilization of immobilized 
enzymes against various forms of water-miscible organic solvents could possibly be 
due to low water requirement or enhanced rigidity of the enzyme structure (Xin et al., 
2005). Enzymatic catalysis in organic solvents is possible if the organic solvent does 
not substantially disturb the active site structure (Ryu and Dorick, 1992). 
Enzyme inhibitor, NaNa was found to inhibit WRP strongly (Figure 10). A 
number of studies have already been performed on the inhibitory effect of such 
compounds on HRP where NaNa has been shown to be a potent inhibitor of many 
hemeprotein-catalyzed reactions (de Montellano et al., 1988; Kvaratskhelia et al., 
1997). Peroxidase in the presence of NaNs and H2O2 mediates one electron oxidation 
of azide ions forming azidyl free radicals. These radicals bind covalently to the heme 
moiety, thus inhibiting the enzyme activity (Tatarko and Bumpus, 1997). EDTA had 
no significant effect on the activity of WRP. Some earlier workers have also reported 
that EDTA showed no inhibitory effect on laccase activity (Lorenzo et al., 2005). 
The chemical contamination of water by a wide range of toxic derivatives, in 
particular heavy metals is a serious environmental problem owing to their potential 
toxicity. In view of their presence in wastewater, it became necessary to evaluate the 
effect of some heavy metals on the activity of WRP. A concentration dependent 
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gradual inhibition of WRP activity by HgCl2 was observed (Figure 11). Some recent 
reports indicated that HRP was remarkably inhibited by heavy metal ions (Keyhani et 
al., 2003; Einollahi et al., 2006). In this study, the strength of inhibition of I-WRP by 
HgCl2 was quite low as compared to soluble enzyme. Metals induce conformational 
changes in enzymes. However, peroxidases remain active even in the presence of a 
number of metal ions, as a part of their detoxifying role. The effect of different metal 
ions on the activity of different enzymes is related to their affinity to different 
functional groups present in the enzyme structures (vel Krawczky et al., 2000; 
Bagirova et al., 2006). The stability of I-WRP against several metal compounds 
showed that such immobilized enzyme preparations could be exploited for the 
treatment of aromatic pollutants even in the presence of heavy metals. 
Km values of soluble and immobilized WRP were close to each other, Vmax of 
soluble enzyme was found to be more than I-WRP (Table 9). This observation 
suggested that immobilization of WRP by adsorption and crosslinking did not result 
in any significant change in enzyme conformation and hence there was a slight 
alteration in the accessibility for the substrate. Wang et al. (2007) have demonstrated 
that crosslinking of hemoglobin by glutaraldehyde not only maintained its native state 
in H2O2 biosensor but also provided structural rigidity to the protein. Thus, proteins 
with structural rigidity are more resistant to variations of the environment. The 
decrease in Fmax observed in case of immobilized enzyme preparation indicated that 
non-specific binding of glutaraldehyde with a wide variety of amino acid residues on 
the enzyme might have masked some of the active sites leading to the formation of 
less enzyme-substrate complex. However, it is well documented that the K^ values of 
several immobilized enzymes were either unaltered or exhibited minor alterations as 
compared to those of their respective soluble counterparts (Rejikumar and Devi, 1998; 
Jan and Husain, 2004). 
The reuse of enzymes provided a number of cost effective advantages that are 
often an essential prerequisite for establishing an economically viable enzyme 
catalyzed process (Norouzian et al., 2007). I-WRP retained 51% of its original 
activity even after its 6"* repeated use (Figure 12). The activity loss during repeated 
use might be due to the inhibition of enzyme by its reaction product (Gaserod et al., 
1999). 
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I-WRP retained almost 60% of the original activity after a period of 40 d 
storage at 4 "C whereas S-WRP exhibited only 17% activity under identical storage 
conditions. Thus, I-WRP exhibited remarkably high stability on prolonged storage 
(Figure 13). 
On the basis of results obtained in the present work, it can be concluded that 
the stability offered by I-WRP against various denaturants suggested that this 
preparation could successfiiUy be employed in reactors for the treatment of effluents 
containing aromatic pollutants. The reusability and storage experiments further 
supported that the use of cheaper source of enzymes and supports will definitely 
minimize the cost of immobilization and provide a suitable approach for the treatment 
of huge volumes of wastewater in batch as well as in continuous reactors. 
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CHAPTER-IV 
Use of bitter gourd (Momordica 
charantia) peroxidase together with 
redox mediators to decolorize disperse 
djes 
i®) 
SLiftimlV 
4.1. INTRODUCTION 
Among the several types of dyes used worldwide, disperse dyes are frequently 
used for dyeing polyester, nylon, cellulose acetate and acrylic fibers. The highly 
variable and complex chemical structure of the dyes makes them difficult to remove 
using conventional wastewater treatment systems (Husain, 2006; Murugesen et al., 
2007b; Husain et al., 2009). Recently, a great deal of research has been directed 
towards the development of enzyme based treatment of wastewaters containing 
colored compounds (Christian et al., 2003; Mielgo et al., 2003; Akhtar et al., 2005a; 
2005b). Enzymatic treatment has several advantages over the other known classical 
chemical and physical methods. These include minimal requirements of compounds, 
application to biorefractory compounds, operation over a wide range of conditions, 
short treatment periods, absence of shock loading effects, absence of delays 
associated with the acclimatization of biomass and, the ease and simplicity of 
controlling the process (Karam and Nicell, 1997; Kulshrestha and Husain, 2007). 
Majority of dyes are recalcitrant to the action of peroxidases, however, the 
presence of redox mediators facilitates decolorization of such dyes to a great extent 
(Camarero et al., 2005; Husain and Husain, 2008). Redox-mediated enzymatic 
catalysis has been used for a wide range of applications; such as for the degradation of 
PAH, phenols, aromatic amines, biphenyls, pesticide, insecticide and pulp 
delignification (Husain and Husain, 2008; Calcaterra et al., 2008). Recently, some 
investigators have demonstrated the use of redox mediators in enhancing the 
peroxidase catalyzed transformation of recalcitrant dyes (Matto and Husain, 2007; 
Kulshrestha and Husain, 2007; Husain et al., 2009). 
The objective of the present study was to develop an inexpensive and efficient 
peroxidase based method for the treatments of water-insoluble disperse dyes. Various 
experimental conditions for the remediation of dyes by peroxidase have been 
standardized. Decolorization of disperse dyes has also been carried out in a stirred 
batch process. 
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4.2. MATERIALS AND METHODS 
4.2.1. Materials 
Disperse Brown 1 (DB 1) and Disperse Red 17 (DR 17) were the products of 
Atul Chem. Co. (Valsad, Gujarat, India). o-Dianisidine HCl was obtained from Sigma 
Chem. Co. (St. Louis, MO, USA). Ammonium sulphate, redox mediators, including 
HOBT and VN and Tween-20 were obtained from SRL Chemicals (Mumbai, India). 
Bitter gourd was purchased from the local vegetable market. Other chemicals and 
reagents employed were of analytical grade and used without any fiirther purification. 
4.2.2. Ammonium sulphate fractionation of bitter gourd proteins 
Bitter gourd (250 g) was homogenized in 500 mL of 0.1 M sodium acetate 
buffer, pH 5.5 as described in Chapter II, Section 2.2.2. 
4.2.3. Preparation and treatment of synthetic dye solutions 
Disperse dyes; DR 17 (25 mg L'', X^ ax 510 nm) and DB 1 (50 mg L'', Xn,ax460 
nm) were solubilized using 0.025% (v/v) Tween-20 prepared in 0.1 M glycine HCl 
buffer, pH 3.0. 
Each dye (5.0 mL) was independently incubated with BGP (0.36 U mL'') in 
0.1 M glycine HCl buffer, pH 3.0 in the presence of 0.75 mM H2O2 for appropriate 
time at 37 °C. Redox mediator, HOBT, was added at the concentrations specified in 
the text. The reaction was stopped by boiling at 100 °C for 5 min. Dye decolorization 
was determined spectrophotometrically by monitoring the decrease in absorbance at 
the specific wavelength maximum (Xmax) for each dye on Cintra \Qe UV-visible 
spectrophotometer. Untreated dye solution (containing all the reagents that were 
present in treated solutions except the enzyme) was used as control (100%) for the 
calculation of percent decolorization. 
The parameter percent dye decolorization was defined as: 
T^^LZALXIOO 
A. 
where, r is decolorization percent (%), Au is absorbance of the untreated dye, At is 
absorbance after treatment. Structures of the investigated dyes are shown in Figure 14. 
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Figure 14: Chemical structures of investigated disperse dyes 
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Each value represents the mean for three independent experiments performed 
in duplicates, with average standard deviations, <5%. 
4.2.4. Effect of different redox mediators on BGP mediated dye decolorization 
Each dye (5.0 mL) was independently incubated with BGP (0.36 U mL'') in 
the presence of an independent redox mediator (0.5 mM) and 0.75 mM H2O2 in 0.1 M 
glycine HCl buffer, pH 3.0 for 1 h at 37 °C. The reaction was stopped by heating at 
100°Cfor5mia 
4.2.5. Effect of HOBT and VN on BGP mediated dye decolorization 
Each dye (5.0 mL) was independently incubated with BGP (0.36 U mL'') in 
the presence of various concentrations of HOBTA^ (0.01-0.5 mM) and 0.75 mM 
H2O2 in 0.1 M glycine HCl buffer, pH 3.0 for 1 h at 37 °C. The reaction was stopped 
and intensity of color was recorded as described earlier. 
4.2.6. Effect of enzyme concentration on dye decolorization 
Each dye (5.0 mL) was independently incubated with increasing 
concentrations of BGP (0.046-0.92 U mL"') in 0.1 M glycine HCl buffer, pH 3.0 in 
the presence of 0.75 mM H2O2 for 1 h at 37 °C. HOBT was used as a redox mediator; 
0.1 mM and 0.2 mM for DR 17 and DB 1, respectively. The reaction was stopped by 
heating the reaction mixture at 100 °C for 5 mia 
4.2.7. Effect of H2O2 on BGP mediated dye decolorization 
Each dye (5.0 mL) was independently incubated with increasing 
concentrations of H2O2 (0.15-1.5 mM) in 0.1 M glycine HCl buffer, pH 3.0 in 
presence of BGP (0.36 U mL"') for 1 h at 37 °C. HOBT was used as a redox mediator 
as mentioned above. 
4.2.8. Effect of pH on BGP mediated dye decolorization 
Dye solutions (5.0 mL) were prepared in the buffers of different pH (2.0-10.0). 
The buffers used were glycine-HCl (pH 2.0 and 3.0), sodium acetate (pH 4.0 and 5.0), 
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sodium phosphate (pH 6.0-8.0) and Tris-HCl (pH 9.0 and 10.0). The molarity of each 
buffer was 0.1 M. Each dye was independently treated by BGP (0.36 U mL'') in 
buffers of various pH (2.0-10.0) in the presence of 0.75 mM H2O2 for 1 h at 37 °C. 
DR 17 and DB 1 decolorization was performed in the presence of 0.1 mM and 0.2 
mM HOBT, respectively. 
4.2.9. Effect of temperature on BGP mediated dye decolorization 
Each dye (5.0 mL) was independently incubated by BGP (0.36 U mL'') in the 
presence of 0.75 mM H2O2 in 0.1 M glycine HCl buffer, pH 3.0 at different 
temperatures (20-80 °C) for 1 h. HOBT used was 0.1 mM for DR 17 and 0.2 mM for 
DB 1. The reaction was stopped by heating in a boiling water-bath for 5 min. 
4.2.10. Effect of time on BGP mediated dye decolorization 
Each dye solution (5.0 mL) was independently treated by BGP (0.36 U mL"') 
in the presence of 0.75 mM H2O2 in 0.1 M glycine HCl buffer, pH 3.0 at 37 °C for 
different times. HOBT used was 0.1 mM for DR 17 and 0.2 mM for DB 1. 
4.2.11. Decolorization of disperse dyes in stirred batch process 
Dye solutions; DR 17 and DB 1 (250 mL, each) were treated independently by 
BGP (80 U) in the presence of 0.75 mM H2O2 for 4 h at 37 °C under stirring 
conditions. HOBT was used as 0.1 mM and 0.2 mM for DR 17 and DB 1, 
respectively. Aliquots of dye solutions (5.0 mL) were taken at indicated time 
intervals for the measurement of absorbance in UV-visible range. 
4.2.12. UV-visible spectral analysis 
Each dye solution (5.0 mL) was independently treated by BGP (0.36 U mL') 
in the presence of H2O2 and HOBT as mentioned in the text. Spectra of the treated and 
control dye samples were monitored on Cintra lOe UV-visible spectrophotometer. 
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4.2.13. Measurement of peroxidase activity 
Peroxidase activity was determined in 0.1 M glycine-HCl buffer, pH 3.0, at 37 
°C as described in Chapter II, Section 2.2.12. 
4.2.14. Protein estimation 
Protein concentration was estimated as described in Chapter II, Section 2.2.13. 
4.2.15. Statistical analysis 
It was done as described in Chapter II, Section 2.2.14. 
4.3. RESULTS 
4.3.1. Effect of different redox mediators on BGP catalyzed dye decolorization 
Figure 15 shows the effect of different redox mediators on BGP catalyzed dye 
decolorization. Among the redox mediators tested for decolorization, HOBT was 
found to be the most effective in decolorizing DR 17 and DB 1 to an extent of nearly 
%S% and dWa, respectively, followed by VN which could decolorize DR 17 by nearly 
60%. Decolorization mediated by other redox mediators was significantly low as 
compared to HOBT. 
4.3.2. Effect of HOBT and VN on BGP mediated dye decolorization 
The effect of increasing concentrations of HOBT and VN (0.02-0.5 mM) on 
DR 17 and DB 1 decolorization has been shown in Table 10. Decolorization of the 
dyes was enhanced with increasing concentration of HOBT and VN. However, the 
decolorization of these dyes in the presence of HOBT was significantly more as 
compared to VN. DR 17 was decolorized maximally 89% in the presence of 0.1 mM 
HOBT while as 0.2 mM HOBT was required for maximum 64% decolorization of DB 
1. There was a slight decrease in percent decolorization of dyes in the presence of 
higher concentrations of above mentioned HOBT concentrations. However, VN 
above 0.1 mM did not show any effect on dye decolorization. 
80 
&Mftte>ilV 
D E F 
Redox Mediator 
J 
Figure 15: Effect of different redox mediators on BGP catalyzed 
decolorization of disperse dyes 
DR 17 and DB 1 solutions (5.0 mL, each) were independently incubated 
with BGP (0.36 U mL'') in the presence of 0.5 mM of each redox 
mediator and 0.75 mM H2O2 in 0.1 M glycine HCI buffer, pH 3.0 for 1 h 
at 37 °C. The percent decolorization was calculated by taking untreated 
dye solution as control (100%). Capital letters in the figure on X-axis 
indicate [A] HOBT, [B] SA, [C] guaiacol, [D] VN, [E] bromo-phenol, [F] 
2,4,dichlorophenol, [G] VLA, [H] quinol [I] w-cresol. 
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Table 10: Effect of HOBT and VN on BGP catalyzed decolorization of disperse 
dyes 
HOBTAT^ 
(mM) 
0.02 
0.04 
0.06 
0.08 
0.1 
0.2 
0.3 
0.4 
0.5 
Dye decolorization (%) 
DR17 
(Xmax510nm) 
HOBT 
64.12±1.23 
68.78±2.45 
76.34±0.97 
83.41±1.10 
89.23±1.46 
89.37±2.12 
86.87±0.87 
86.21±1.65 
84.76±2.32 
VN 
43.32±1.27 
47.88±0.86 
56.36±2.48 
64.69±2.18 
70.24±1.89 
69.89±1.59 
70.32±2.32 
70.24±1.36 
68.32±0.94 
DBl 
(^ax 460 nm) 
HOBT 
25.35±0.86 
36.76±1.32 
46.22±1.46 
53.69±1.89 
60.12±2.16 
64.31±1.92 
64.24±1.24 
62.18±2.45 
60.16±2.23 
VN 
7.87±0.87 
10.12±0.96 
12.35±1.57 
12.68±2.17 
12.84±0.98 
13.31±1.42 
13.24±1.24 
13.29±1.78 
12.89±2.12 
Each dye solution (5.0 mL) was treated by BGP (0.36 U mL'^ ) in the presence of 
various concentrations of HOBT and VN and 0.75 mM H2O2 in 0.1 M glycine HCl 
buffer, pH 3.0 for 1 h at 37 °C. The percent decolorization was calculated by taking 
untreated dye solution as control (100%). 
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4.3.3. Effect of enzyme concentration on dye decolorization 
DR 17 and DB 1 were independently treated with increasing concentrations of 
BGP (0.04-0.92 U mL-') for 1 h at 37 °C. Decolorization of these dyes was 
continuously enhanced by adding increasing concentrations of BGP. However, DR 17 
and DB 1 were decolorized maximally in the presence of0.36UmL"'BGP. Further 
addition of enzyme did not show any significant increase in the decolorization of 
these dyes (Table 11). 
4.3.4. Effect of H2O2 on BGP catalyzed dye decolorization 
The percent dye decolorization was continuously increased with increasing 
concentrations of H2O2. Maximum decolorization was observed in the presence of 
0.75 mM H2O2 and decolorization remained almost unchanged till 0.90 mM H2O2. As 
the concentration of H2O2 was further increased, a slow decline in percent 
decolorization was observed (Figure 16). 
4.3.5. Effect of pH and temperature on BGP catalyzed dye decolorization 
DR 17 and DB 1 were independently treated by BGP in the buffers of different 
pH. Results revealed that BGP could decolorize dyes maximally in acidic pH range 
(3.0-6.0). Both the dyes were maximally decolorized at pH 3.0. However, as pH of the 
treated samples increased above 6.0 the extent of decolorization was remarkably 
decreased (Figure 17). 
The effect of different temperatures on the decolorization of DR 17 and DB 1 
was monitored. Maximum decolorization of both the dyes was at 40 °C (Figure 18). 
Above and below the temperature-optimum, the percent decolorization of dyes was 
decreased. 
4.3.6. Effect of time on BGP catalyzed dye decolorization 
Figure 19 shows the effect of time on the decolorization of DR 17 and DB 1 
by BGP. Maximum decolorization of both the dyes was observed within 1 h at 37 "C. 
However, no effective increase was observed when the dyes were further incubated 
for longer times. Sufficient amount of DR 17 was decolorized within 15 min while the 
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Table 11: Effect of enzyme concentration on decolorization of disperse dyes 
Enzyme 
(U mL-') 
0.04 
0.09 
0.18 
0.27 
0.36 
0.46 
0.55 
0.64 
0.73 
0.82 
0.92 
Dye decolorization (%) 
DR17 
(Xmax510nm) 
50.32±2.13 
64.12±1.34 
76.78±2.45 
85.35±2.35 
87.23±1.78 
86.69±2.11 
86.93±1.67 
87.32±1.29 
87.25±2.78 
86.89±2.43 
87.15±2.13 
DBl 
(^ax 460 nm) 
35.12±1.25 
46.78±1.58 
55.42±1.25 
59.86±2.14 
63.79±1.56 
64.23±1.67 
64.34±1.34 
63.87±1.28 
64.34±2.56 
64.32±2.13 
64.12±2.46 
Each dye solution (5.0 mL) was treated independently by BGP (0.04-0.92 U mL ) in 
0.1 M glycine-HCl buffer, pH 3.0 in the presence of 0.75 mM H2O2. HOBT used was 
0.1 mM for DR 17 and 0.2 mM for DB 1. The percent decolorization was calculated 
by taking untreated dye solution as control (100%). Each value represents the mean 
for three independent experiments performed in duplicates, with average standard 
deviations, < 5%. 
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Figure 16: Effect of H202on BGP catalyzed decolorization of disperse dyes 
Each dye solution (5.0 mL) was incubated with increasing concentrations 
of H2O2 (0.15-1.5 mM) in 0.1 M glycine HCl buffer, pH 3.0 in the 
presence of BGP (0.36 U mL'') for 1 h at 37 °C. HOBT was used as a 
redox mediator. The percent decolorization was calculated by taking 
untreated dye solution as control (100%). 
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Figure 17: Effect of pH on BGP catalyzed decolorization of disperse dyes 
Each dye solution (5.0 mL) was treated by BGP (0.36 U mL'') in buffers 
of various pH (2.0-10.0) in the presence of 0.75 mM H2O2 for 1 h at 37 
°C. The molarity of each buffer was 0.1 M. HOBT was used as a redox 
mediator. The percent decolorization was calculated by taking untreated 
dye solution in each buffer as control (100%). 
86 
e^afitmlV 
"o 
u 
u 
Q 
Temperature (°C) 
Figure 18: Effect of temperature on BGP catalyzed decolorization of disperse 
dyes 
Each dye solution (5.0 mL) was treated by BGP (0.36 U mL"') in the 
presence of 0.75 mM H2O2 in 0.1 M glycine HCl buffer, pH 3.0 at 20-80 
°C for 1 h. HOBT was used as a redox mediator. The percent 
decolorization was calculated by taking untreated dye solution at each 
temperature as control (100%). 
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Figure 19; Effect of time on BGP catalyzed decolorization of disperse dyes 
Each dye solution (5.0 mL) was treated by BGP (0.36 U mL"') in the 
presence of 0.75 mM H2O2 in 0.1 M glycine HCl buffer, pH 3.0 at 37 °C 
for varying times. HOBT was used as a redox mediator. The percent 
decolorization was calculated by taking untreated dye solution as control 
(100%). 
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decolorization of DB 1 was quite slow. 
4.3.7. Treatment of dye solutions in a stirred batch process 
Treatment of dye solutions by BGP in stirred batch processes at different times 
in the presence of HOBT showed a significant loss of color from dye solutions. The 
disappearance of 90% and 65% of color for DR 17 and DB 1 was observed within 1 h 
of incubation, respectively. Treatment of dye solutions with BGP for longer times did 
not show any further enhancement in dye decolorization (Figure 20). 
4.3.8. UV-visible absorbance spectra of the dyes 
The UV-visible absorbance spectra of DR 17 and DB 1 before and after 
enzymatic treatment have been shown in Figure 21 (a,b), respectively. The diminution 
in the peaks of treated dye samples in both UV and visible regions took place due to 
dye removal after treatment with BGP. 
4.4. DISCUSSION 
Decolorization of wastewaters containing colored effluents is being given 
increasing importance nowadays concerning their adverse environmental 
implications. Presently, search for simple, cost effective and applicable enzyme-based 
treatment systems is going on; conventional methods being not very effective owing 
to their many drawbacks (Moreira et al., 2001; Mielgo et al., 2003). Plant peroxidases 
have earlier been employed for the decolorization of a number of water-soluble 
synthetic textile dyes (Akhtar et al., 2005a; 2005b; Kulshrestha and Husain 2007; 
Matto and Husain, 2007). Here, for the first time an effort has been made to use 
partially purified BGP for the decolorization of water-insoluble disperse dyes. The 
dye solutions were found to be recalcitrant upon exposure to HOBT, H2O2 or the 
enzyme alone. Thus, dye decolorization was a result of redox mediated H2O2-
dependent enzymatic reaction. 
Redox mediators enhance the reaction rate by mediating oxidation reaction 
between a substrate and an enzyme (d'Acunzo et al., 2006). Different redox mediators 
have different mediation efficiency and this efficiency is governed by redox potential 
ofthe mediator and the oxidation mechanism of the substrate (Baiocco et al , 2003). 
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Figure 20: Treatment of water polluted with disperse dyes in a stirred batch 
process by BGP 
Dye solutions; DR 17 and DB 1 (250 mL, each) were independently 
treated by BGP (80 U) in the presence of 0.75 mM H2O2 for 4 h at 37 °C 
under stirring conditions. HOBT was used as a redox mediator. Aliquots 
(5.0 mL) from each treated solution were taken at indicated times to 
monitor the remaining color. The percent decolorization was calculated 
by taking untreated dye solution as control (100%). 
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Figure 21: UV-visible absorbance spectra for DR 17 and DB 1 
Dyes were treated as described in Section 4.2.3. Their absorption spectra 
were taken on Cintra lOe UV-visible spectrophotometer. Untreated dye 
solutions were used as control. Spectra for treated and untreated samples 
of DR 17 and DB 1 are labelled in figure. 
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Oxidation of substrate occurs by free radical formation by the mediator. In this study, 
redox-mediating property of nine different compounds as peroxidase mediators was 
evaluated (Figure 15). Among the nine investigated compounds, HOBT was found to 
have the best mediating efficiency for the decolorization of DR 17 and DB 1. This 
observation was in agreement with the earlier reports where HOBT was found to 
enhance decolorization of reactive and direct dyes remarkably (Akhtar et al., 2005b; 
Matto and Husain, 2007). It is well documented that the redox potential of enzymes 
varies depending on the source of the enzyme. This would dictate the need and/or 
nature of redox mediator for the degradation of a particular dye to occur (Li et al., 
1999). 
It has been shown that BGP decolorized both the investigated dyes 
significantly in the presence of very low concentrations of HOBT (Table 10). 
Decolorization of DR 17 and DB 1 enhanced with increasing concentration of HOBT; 
dyes being decolorized maximally in presence of 0.1 and 0.2 mM HOBT, 
respectively. Further addition of HOBT resulted in a gradual decrease in 
decolorization of both dyes. This inhibition could likely be due to the high reactivity 
of HOBT radical, which might undergo chemical reactions with aromatic amino acid 
side chains of the enzyme thereby inactivating it (Soares et al., 2001; Husain, 2010). 
Hence, the dosage of redox mediator was an important factor for the enzyme-
catalyzed decolorization (Murugesan et al., 2007a). 
Maximum decolorization of both dyes was observed in the presence of 0.75 
mM H2O2 (Figure 16) and this observation was in agreement with the earlier reported 
on SBP (Caza et al., 1999), BGP (Akhtar et al., 2005a; 2005b) and TP (Kulshrestha 
and Husain, 2007; Matto and Husain, 2007). The concentration of H2O2 greater than 
0.75 mM acted as an inhibitor of peroxidase activity by irreversibly oxidizing the 
enzyme ferri-heme group which is essential for the peroxidase activity (Duarte-
Vazquez et al, 2001). The maximum decolorization of DB 1 and DR 17 was obtained 
at pH 3.0 (Figure 17). It has earlier been reported that the degradation of industrially 
important dyes by enzymes such as HRP, polyphenol oxidase, BGP, MnP and laccase 
was also maximum in the buffers of lower pH (Christian et al., 2003; Akhtar et al., 
2005a; 2005b; Murugesan et al., 2007a). 
In dye decolorization process temperature is one of the main factors. It has 
been reported that temperature is playing a significant role in the treatment of 
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aromatic pollutants by enzymes. Thus in this study the effect of temperature on the 
decolorization catalyzed by BGP has been investigated. These dyes were maximally 
decolorized at 40 °C (Figure 18). It has already been reported that the decolorization 
of reactive and acid dyes by BGP was also maximum at 40 °C (Akhtar et al., 2005a; 
2005b; Kulshrestha and Husain, 2007). DR 17 and DB 1 were maximally decolorized 
within 1 h (Figure 19,20). Incubation beyond this time did not exhibit any further 
enhancement in the decolorization of dyes. It was observed that DR 17 was easily 
oxidized as compared to DB 1. This was also evident from the observation that DR 17 
was decolorized to a greater extent within 15 min in the presence of only O.I mM 
HOBT whereas DB 1 required 0.2 mM HOBT for its maximum decolorization. 
Camarero et al. (2005) have reported that decolorization of dye depends upon the type 
of chemical structure of compounds. The diminution in absorption peak in UV-visible 
region was a clear indication of dye decolorization and removal of aromatic 
compounds from solution (Figure 21). 
This study demonstrated that the enzyme-mediator system was a suitable 
candidate for the treatment of water contaminated with disperse dyes. Application of 
BGP that was obtained from an easily available and inexpensive source means that 
one of the major barriers that limit the use of enzymes in wastewater treatment can be 
overcome. Thus, this work may provide a reasonable basis for the development of an 
effective biotechnological process for the removal of water-insoluble disperse dyes 
from the textile effluents. 
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CHAPTER-V 
Applieatioiiis of Celite-adsorbed vrhite 
radish {Kaphanus saiivus) perondase 
in batch process and continuous reactor 
for the degradation of reactive dyes 
m 0 
5.1. INTRODUCTION 
The application of soluble enzymes exhibits some inherent limitations such as 
reusability, stability and their use in continuous reactors (Rojas-Melgarejo et al., 
2004; Gomez et al., 2006). Such limitations could be avoided by using enzymes in 
their immobilized form (Zille et al., 2003; Khan et al., 2006; Hu et al, 2007), thus 
being a better alternative for wastewater treatment at large scale. Immobilization 
protects enzymes from denaturation and helps to retain them in biochemical reactors 
to further catalyze the subsequent feed and offer more economical exploitation of 
biocatalysts in industry; waste treatment and in the development of bioprocess 
monitoring devices like the biosensor (Fagain, 2003; de Oliveira and Vieira, 2006; 
Fatima and Husain, 2007b; Matto et al, 2008). Immobilization helps in maintaining 
homogeneity of enzymes in the reaction media since it avoids aggregation of enzyme 
particles. It is an efficient way to prevent inactivation and extend enzyme half-life. 
Besides, immobilization procedures can increase structural rigidity thus improving 
pH, temperature and organic solvent tolerance (Magri et al., 2005; Wang et al., 2007). 
Several types of methods have been used for the immobilization of enzymes, 
which include adsorption onto insoluble materials, entrapment in polymeric gels, 
encapsulation in membranes, chemical crosslinking by using biflinctional or 
multifunctional reagents and linking to an insoluble carrier. Adsorption is a very 
simple, cheap and effective but frequently reversible process (de Oliveira and Vieira, 
2006; Khan et al., 2006). Celite is an impervious, chemically inert and solid support 
widely employed for the adsorption or deposition of biocatalysts (Khan et al., 2005; 
Khan et al., 2006; Shim et al., 2007). Many investigators have shovm that enzymes 
immobilized on Celite support were quite stable and could be successfully used in 
industrial processes (Mansour and Dawoud, 2003; Khan et al., 2006; Shim et al., 
2007). 
The treatment of several organic pollutants sometimes causes problems 
because enzymes cannot act on them due to their recalcitrant nature. Redox mediators 
enhanced the reaction rate by mediating oxidation reactions between substrates and 
enzymes (Scares et al., 2001; Husain and Husain, 2008). They provide high redox 
potentials to attack recalcitrant structural analogs and are able to migrate into 
aromatic structure of the compound. 
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Here an attempt has been made to use crosslinked Celite-adsorbed WRP for 
the remediation of water polluted with reactive dyes. The effect of pH, temperature, 
redox mediators, enzyme concentrations and time on the decolorization of such dyes 
has been optimized. The operational stability of soluble and inmiobilized WRP for the 
treatment of investigated dyes has been compared in the presence of NaNs, HgCh and 
organic solvents; «-propanol, DMF and DMSO. I-WRP has been used in stirred batch 
process as well as in packed-bed reactor for the continuous degradation of reactive 
dyes. 
5.2. MATERIALS AND METHODS 
5.2.1 Materials 
Celite 545 (20-45 n mesh) was obtained from Serva Labs. (Heidelberg, 
Germany). o-Dianisidine HCl and BSA were obtained from Sigma Chem. Co. (St. 
Louis, MO, USA). Reactive dyes were the products of Atul Chem. Co. (Valsad, 
Gujarat, India). Ammonium sulphate, DMF, DMSO, n-propanol and redox mediators 
were obtained from SRL Chemicals (Mumbai, India). White radish was purchased 
from local vegetable market. Other chemicals and reagents employed were of 
analytical grade and used without any fiirther purification. 
5.2.2. Ammonium sulphate fractionation of white radish peroxidase proteins 
White radish (250 g) was homogenized in 500 mL of 0.05 M sodium acetate 
buffer, pH 5.0 as described in Chapter III, Section 3.2.2. 
5.2.3. Immobilization of WRP on Celite 545 
The immobilization of WRP on Celite 545 was performed according to the 
procedure described in Chapter III, Section 3.2.3. 
5.2.4. General procedure for treatment of dyes by soluble and immobilized WRP 
Reactive dyes; Reactive Red (RR) 120 (100 mg L'', ^ax 511 nm) and Reactive 
Blue (RB) 171 (120 mg L"', K^ 607 nm) were prepared in distilled water. 
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Each dye (5.0 mL) was independently treated by soluble and immobilized 
WRP (0.4 U mL'') in 0.05 M sodium acetate buffer, pH 5.0 in the presence of 0.75 
mM H2O2 for indicated time intervals at 37 °C (Akhtar et al., 2005a). Redox 
mediators were added at concentrations specified in the text. All the experiments were 
performed in a shaking water bath. The reaction was stopped by heating in a water 
bath for 5 min. Dye decolorization was determined spectrophotometrically by 
monitoring the decrease in absorbance at the wavelength maximum (X a^x) for each 
dye on Cintra lOe UV-visible spectrophotometer. Untreated dye solution was used as 
control (100%) for the calculation of percent decolorization. The parameter percent 
dye decolorization was defined as described in Chapter IV, Section 4.2.3. 
5.2.5. Effect of different redox mediators on WRP catalyzed dye decolorization 
Each dye (5.0 mL) was independently treated by soluble and immobilized 
WRP (0.4 U mL'') in the presence of an independent redox mediator (1.0 mM) and 
0.75 mM H2O2 in 0.05 M sodium acetate buffer, pH 5.0 for 1 h at 37 °C. The reaction 
was stopped by heating in a boiling water bath for 5 min. The absorbance of the dyes 
at their respective Xmax before and after treatment was recorded. 
5.2.6. Effect of HOBT on WRP catalyzed dye decolorization 
Each dye solution (5.0 mL) was incubated treated by WRP (0.4 U mL'') in the 
presence of varying concentrations of HOBT (0.1-0.6 mM) and 0.75 mM H2O2 in 
0.05 M sodium acetate buffer, pH 5.0 for 1 h at 37 °C. The reaction was stopped by 
heating in a boiling water bath for 5 min and the intensity of color was recorded as 
described in Section 5.2.4. 
5.2.7. Effect of enzyme concentration on dye decolorization 
Each dye solution (5.0 mL) was independently incubated with increasing 
concentrations of soluble and immobilized WRP (0.2-1.0 U mL'') in 0.05 M sodium 
acetate buffer, pH 5.0 in the presence of 0.75 mM H2O2 and 0.4 mM HOBT for 1 h at 
37 °C. The reaction was stopped and intensity of color was recorded as mentioned 
above. 
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5.2.8. Effect of pH on WRP catalyzed dye decolorization 
Each dye solution (5.0 mL) was independently treated by soluble and 
immobilized WRP (0.4 UmL'') in buffers of different pH (2.0-10.0) in the presence of 
0.75 mM H2O2 and 0.4 mM HOBT for 1 h at 37 °C. The buffers used were glycine-
HCl (pH 2.0 and 3.0), sodium acetate (pH 4.0 and 5.0), sodium phosphate (pH 6.0-
8.0) and Tris-HCl (pH 9.0 and 10.0). The molarity of all used buffers was 0.05 M. 
The reaction was stopped by heating in a boiling water bath for 5 min. Dye 
decolorization was monitored at the respective ^ax for each dye. The percent 
decolorization was calculated by taking untreated dye solution in each buffer as 
control (100%). 
5.2.9. Effect of temperature on WRP catalyzed dye decolorization 
Each dye (5.0 mL) was independently treated by soluble and immobilized 
WRP (0.4 U mL'') at different temperatures (20-80 °C) under the conditions 
mentioned in Section 5.2.7. Reaction was stopped by heating in a boiling water bath 
for 5 min. Intensity of color was monitored accordingly. The percent decolorization 
was calculated by taking untreated dye solution at each temperature as control 
(100%). 
5.2.10. Effect of time on WRP catalyzed dye decolorization 
.Each dye solution (5.0 mL) was independently treated by soluble and 
immobilized WRP (0.4 U mL"') in the presence of 0.75 mM H2O2 and 0.4 niM HOBT 
in 0.05 M sodium acetate buffer, pH 5.0 at 37 °C for varying times. The reaction was 
stopped by heating in a boiling water bath for 5 min. 
5.2.11. Effect of NaNa on WRP catalyzed dye decolorization 
Each dye solution (5.0 mL) was independently treated by soluble and 
immobilized WRP (0.4 U mL'') in the presence of increasing concentrations of NaNs 
(0.02-0.1 mM), 0.75 mM H2O2 and 0.4 mM HOBT in 0.05 M sodium acetate buffer, 
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pH 5.0 at 37 °C for 1 h. The reaction was stopped by heating in a boiling water bath 
for 5 min. The dye decolorization was monitored at the respective Xmax for each dye. 
5.2.12. Effect of HgCh on WRP catalyzed dye decolorization 
Each dye solution (5.0 mL) was independently treated by soluble and 
immobilized WRP (0.4 U mL"') in the presence of increasing concentrations of HgCb 
(1.0-5.0 mM), 0.75 mM H2O2 and 0.4 mM HOBT in 0.05 M sodium acetate buffer, 
pH 5.0 at 37 °C for 1 h. The reaction was stopped by heating in a boiling water bath 
for 5 min. The dye decolorization was monitored at the respective X^ ax for each dye. 
The percent decolorization was calculated by taking untreated dye solution without 
HgCb as control (100%). 
5.2.13. Effect of organic solvents on WRP catalyzed dye decolorization 
Each dye solution (5.0 mL) was independently treated by soluble and 
immobilized WRP (0.4 U mL'') in the presence of increasing concentrations (2.0-10.0 
%, v/v) of water-miscible organic solvents; «-propanoI/DMF/DMSO, 0.75 mM H2O2 
and 0.4 mM HOBT in 0.05 M sodium acetate buffer, pH 5.0 at 37 °C for 1 h. The 
reaction was stopped by heating in a boiling water bath for 5 min. The dye 
decolorization was monitored at the respective A^nax for each dye. The percent 
decolorization was calculated by taking untreated dye solution without organic 
solvent as control (100%). 
5.2.14. Treatment of reactive dyes in batch process 
Decolorization of the investigated reactive dyes was monitored in stirred batch 
process. Dye solutions; RR 120 and RB 171 (250 mL, each) were independently 
treated by soluble and immobilized WRP (40 U) in the presence of 0.75 mM H2O2 
and 0.4 mM HOBT for 4 h at 37 °C under stirring conditions. Aliquots (5.0 mL) of 
each treated dye solution were taken at indicated time intervals. The reaction was 
stopped by heating in a boiling water bath for 5 min. The spectra of treated samples 
were recorded on Cintra lOe spectrophotometer in UV-visible range and absorbance 
was measured at their respective A^ ax-
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5.2.15. Allium cepa test for WRP treated reactive dyes 
The Allium cepa bioassay for the dye samples was done according to the 
method of Fiskesjo (1985). For this test, small onions of equal size were taken and 
yellowish brown outer scales and brownish bottom plates were removed by using a 
sharp knife. Care was taken to maintain the ring primordial intact. Boiling tubes were 
filled with treated and untreated dye samples. The experiments were performed in 
dark conditions and distilled water was used as control in all experiments. 
One onion was placed at the top of each tube with root primordial downward 
touching the liquid. After a gap of 12 h the same samples were added in the respective 
tubes to fill up to the top and care was taken to prevent gap between onion bulb and 
sample present in the tube. The treatment was continued for 7 d. After completion of 
the time of treatment, onions were taken out and root length of each bulb was 
measured. Inhibition in the growth oi Allium cepa roots was considered as an index 
for the degree of toxicity. 
5.2.16. UV-visible spectral analysis of dyes treated by soluble and immobilized 
WRP 
Spectra for treated and control dye samples were taken on Cintra lOe UV-
visible spectrophotometer. Dye decolorization of the treated and control samples was 
determined by monitoring the absorbance in UV-visible range for each dye. Untreated 
dye solutions without enzyme were considered as control (100%) for the calculation 
of percent decolorization. 
5.2.17. Treatment and spectral analysis of dye solutions in a continuous reactor 
A reactor system was developed for the continuous removal of RR 120 dye 
solution. A column (10.0 x 2.0 cm) was filled with immobilized WRP (750 U). RR 
120 solution containing 0.75 mM H2O2 and 0.4 mM HOBT was continuously passed 
through the reactor at room temperature (30±2 °C). The flow rate of the column was 
maintained at 20 mL h''. A parallel contrcl reactor was operated containing Celite 
without enzyme. The colored dye solution was passed through the control reactor 
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system and samples were collected at a gap of 5 d for over 1 month. The collected 
samples were analyzed spectrophotometrically for the remaining color. 
Samples from the column outlet were collected and analysed 
spectrophotometrically for the remaining color at 511 nm. Spectra for control and I-
WRP treated RR 120 solution from the reactor were taken on Cintra lOe UV-visible 
spectrophotometer. 
5.2.18. Measurement of peroxidase activity 
Peroxidase activity was determined in 0.05 M sodium acetate buffer, pH 5.0 at 
37 °C as described in Chapter II, Section 2.2.12. 
5.2.19. Protein estimation 
Protein concentration was estimated as described in Chapter II, Section 2.2.13. 
5.2.20. Statistical analysis 
It was done as described in Chapter II, Section 2.2.14. 
5.3. RESULTS 
5.3.1. Effect of different redox mediators on WRP catalyzed dye decolorization 
Table 12 shows the effect of various redox mediators on WRP catalyzed dye 
decolorization. Among the redox mediators considered for the dye decolorization, 
HOBT was found to be the most effective. RR 120 was decolorized to 67% and 81% 
and RB 171 to 56% and 76% by soluble and immobilized WRP, respectively. SA, VA 
and VLA could mediate less decolorization of dyes as compared to HOBT. 
5.3.2. Effect of HOBT concentration on WRP catalyzed reactive dye 
decolorization 
The effect of increasing concentrations of HOBT on the decolorization of RR 
120 and RB 171 has been shown in Figure 22. Decolorization of both dyes increased 
with increasing concentrations of HOBT. However, the investigated dyes were 
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Table 12: Effect of different redox mediators on WRP catalyzed decolorization 
of reactive dyes 
Redox 
mediator 
(mM) 
HOBT 
VLA 
SA 
VA 
Dye decolorization (%) 
RR120 
(?^ax511) 
S-WRP 
67.21±2.13 
46.98±1.44 
2.46±2.12 
0 
I-WRP 
81.45±1.45 
66.56±1.26 
6.35±1.68 
4.37±2.13 
RB171 
(^max607) 
S-WRP 
56.54±2.16 
44.89±2.15 
8.45±1.87 
0 
I-WRP 
76.34±1.78 
57.12±2.14 
13.79±1.67 
3.29±1.32 
Each reactive dye (5.0 mL) was treated by soluble and immobilized WRP (0.4 U mL'') 
in the presence of 1.0 mM of each redox mediator and 0.75 mM H2O2 in 0.05 M 
sodium acetate buffer, pH 5.0 for 1 h at 37 °C. The percent decolorization was 
calculated by taking untreated dye solution as control (100%). 
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Figure 22: Effect of HOBT concentration on WRP catalyzed decolorization of 
reactive dyes 
Each dye solution (5.0 mL) was independently treated by soluble and 
immobilized WRP (0.4 U mL'') in 0.05 M sodium acetate buffer, pH 5.0 
in the presence of increasing concentrations of HOBT (0.1-0.6 mM) and 
0.75 mM H2O2 for 1 h at 37 °C. The percent decolorization was calculated 
by taking untreated dye solution as control (100%). 
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decolorized maximally in the presence of 0.4 mM HOBT by both soluble and 
immobilized WRP. The decolorization of RR 120 in the presence of 0.4 mM HOBT 
was 66% and 79% by soluble and immobilized WRP, respectively. However, soluble 
and immobilized WRP decolorized RB 171 to 62% and 74% under identical 
experimental conditions. 
5.3.3. Effect of enzyme concentration on reactive dye decolorization 
Both reactive dyes were independently treated by increasing concentrations of 
soluble and immobilized WRP for 1 h at 37 °C. Decolorization of the dyes was 
maximum in the presence of 0.4 U mL'' of soluble and immobilized WRP. Further 
addition of enzyme did not show any significant increase in the decolorization of the 
dyes (Table 13). 
5.3.4. Effect of pH on WRP catalyzed dye decolorization 
RR 120 and RB 171 were independently treated by soluble and immobilized 
WRP in the buffers of different pH. Results revealed that WRP could decolorize 
dyes optimally at pH 5.0. However, as the pH of the treated samples increased above 
6.0 the extent of dye decolorization was decreased remarkably (Figure 23). 
5.3.5. Effect of temperature on WRP catalyzed dye decolorization 
Figure 24 demonstrates the effect of varying temperatures on the 
decolorization of reactive dyes by soluble and immobilized WRP. Both dyes were 
maximally decolorized at 40 °C. However, there was not much difference in percent 
decolorization by immobilized WRP between temperatures 30-50 °C. It showed that 
the immobilized enzyme was quite stable over this temperature range. Above and 
below these temperatures, the percent decolorization was markedly decreased. 
5.3.6. Effect of time on WRP catalyzed dye decolorization 
Table 14 shows the effect of time on the decolorization of reactive dyes by 
soluble and immobilized WRP. Maximum decolorization of the dyes by soluble and 
immobilized WRP was observed within 1 h of incubation at 37 "C. However, no 
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Table 13: Effect of enzyme concentration on WRP catalyzed decolorization of 
reactive dyes 
Enzyme 
(U mL-') 
0.2 
0.4 
0.6 
0.8 
1.0 
Dye decolorization (%) 
RR120 
(X„iax511) 
S-WRP 
39.47±2.65 
64.53±2.16 
66.23±1.42 
66.17±1.68 
65.98±2.17 
I-WRP 
67.75±2.14 
79.84±11.62 
80.97±2.46 
81.32±1.22 
81.43±1.49 
RB17I 
(?^ax607) 
S-WRP 
53.46±0.98 
63.92±1.86 
65.37±2.47 
65.43±1.28 
65.16±1.33 
I-WRP 
51.56±2.18 
75.85±1.48 
77.34±2.16 
76.82±0.86 
77.19±1.24 
Each dye solution (5.0 mL) was treated independently by increasing concentrations of 
soluble and immobilized WRP (0.2-1.0 U mL"') in the presence of 0.4 mM HOBT 
and 0.75 mM H2O2 in 0.05 M sodium acetate buffer, pH 5.0 for 1 h at 37 °C. The 
percent decolorization was calculated by taking untreated dye solution as control 
(100%). 
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Figure 23: Effect of pH on WRP catalyzed decolorization of reactive dyes 
Each dye solution (5.0 mL) was treated independently by soluble and 
immobilized WRP (0.4 U mL'') in the buffers of various pH (2.0-10.0) in 
the presence of 0.75 mM H2O2 and 0.4 mM HOST for 1 h at 37 °C. The 
molarity of each buffer was 0.05 M. The percent decolorization was 
calculated by taking untreated dye solution at each pH as control (100%). 
105 
•c 
"o o 
u 
T3 
Q 
100 
80 
o 60 
4 0 -
2 0 -
0-t 
10 
C^Mfttm V 
- • - RR 120,1-WRP 
- O - RR 120, S-WRP 
- T ^ RB171,I-WRP 
— I — 
20 
— I — 
30 40 
— I — 
50 60 70 80 
Temperature (°C) 
Figure 24: Effect of temperature on WRP catalyzed decolorization of reactive 
dyes 
Each dye solution (5.0 mL) was incubated independently by soluble and 
immobilized WRP (0.4 U mL'') in the presence of 0.75 mM H2O2 and 0.4 
mM HOBT in 0.05 M sodium acetate buffer, pH 5.0 for 1 h at 20-80 °C. 
The percent decolorization was calculated by taking untreated dye 
solution at each temperature as control (100%). 
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Table 14: Effect of time on WRP catalyzed decolorization of reactive dyes 
Time 
(min) 
15 
30 
45 
60 
120 
Dye decolorization (%) 
RR120 
(^ nax 511) 
S-WRP 
39.93±2.78 
52.18±1.89 
59.23±2.12 
66.47±1.24 
66.42±0.96 
I-WRP 
52.87±2.18 
65.15±1.65 
74.18±1.54 
79.88±1.87 
80.13±2.29 
RB171 
(?Wnax607) 
S-WRP 
38.85±2.89 
47.91±1.43 
54.35±1.62 
65.28±1.86 
65.47±2.14 
I-WRP 
57.15±1.82 
66.26±0.91 
70.12± 1.74 
74.21±1.62 
74.37±1.58 
Each dye solution (5.0 mL) was treated by soluble and immobilized WRP (0.4 U mL"') 
in the presence of 0.75 mM H2O2 and 0.4 mM HOBT in 0.05 M sodium acetate 
buffer, pH 5.0 at 37 °C for varying times. The percent decolorization was calculated 
by taking untreated dye solution as control (100%). 
107 
effective increase in dye decolorization was observed wlien tlie dyes were further 
treated for longer periods. At a given time period, dye solutions treated with I-WRP 
were decolorized to a greater extent as compared to S-WRP under identical 
experimental conditions. Dye solutions decolorized by S-WRP after 1 h were 66% RR 
120 and 65% RB 171. However, I-WRP decolorized RR 120 to 80% and RB 171 to 
74% under identical conditions. 
5.3.7. Effect of NaNa on WRP catalyzed dye decolorization 
The effect of NaNs on the decolorization of reactive dyes by soluble and 
immobilized WRP has been given in Table 15. NaNs exhibited no prominent negative 
effect on the decolorization of dyes by I-WRP. However, decolorization catalyzed by 
S-WRP decreased markedly with increasing concentrations of NaN3. Dyes 
decolorized in the presence of 0.1 mM NaNs by S-WRP were 31% RR 120 and 30% 
RB 171 and those decolorized by 1-WRP were 71% RR 120 and 53% RB 171. 
5.3.8. Effect of HgClz on WRP catalyzed dye decolorization 
Effect of HgCl2 on decolorization of the investigated dyes by soluble and 
immobilized WRP is depicted in Table 16. Decolorization catalyzed by I-WRP was 
more resistant to inactivation caused by even 5.0 mM HgCb. The decolorization 
observed in the presence of I-WRP was 74% for RR 120 and 57% for RB 171. 
However, the increasing concentration of HgCl2 from 0.1-0.5 mM had a marked 
decreasing effect on the decolorization of dye solutions by S-WRP. Dye solutions 
decolorized by S-WRP in the presence of 0.5 mM HgCb were RR 120 (30%) and RB 
171 (12%). 
5.3.9. Effect of organic solvents on WRP catalyzed dye decolorization 
The effect of increasing concentrations of water-miscible organic solvents; «-
propanol, DMF and DMSO (2.0-10.0%, v/v) on the decolorization of dye solutions by 
soluble and immobilized WRP is shown in Table 17. Dye decolorization was 
decreased in the presence of increasing concentrations of organic solvents. However, 
at any given organic solvent concentration, I-WRP exhibited remarkably high 
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Table 15: Effect of NaNs on WRP catalyzed decolorization of reactive dyes 
NaN3 
(mM) 
0.02 
0.04 
0.06 
0.08 
0.1 
Dye decolorization (%) 
RR120 
(XmaxSll) 
S-WRP 
48.47±2.68 
44.32±1.49 
38.85±2.69 
35.79±1.28 
31.32±1.97 
I-WRP 
70.86±2.62 
71.45±1.78 
71.28±1.39 
70.89±2.84 
71.23±1.18 
RB171 
(A^ax607) 
S-WRP 
55.76±0.88 
41.36±1.76 
37.28±2.47 
34.49±1.84 
30.53±1.56 
I-WRP 
66.12±2.17 
62.73±1.53 
58.47±1.47 
53.3U2.13 
53.38±2.85 
Each dye solution (5.0 mL) was treated independently by soluble and immobilized 
WRP (0.4 UmL'') in the presence of increasing concentrations of NaNa (0.02-0.1 
mM), 0.75 mM H2O2 and 0.4 mM HOBT in 0.05 M sodium acetate buffer, pH 5.0 at 
37 °C for 1 h. The percent decolorization was calculated by taking untreated dye 
solution as control (100%). 
109 
S^iLfii&i V 
Table 16; Effect of HgCh on WRP catalyzed decolorization of reactive dyes 
HgCl2 
(mM) 
1.0 
2.0 
3.0 
4.0 
5.0 
Dye decolorization (%) 
RR120 
(Amax 511) 
S-WRP 
52.34±1.29 
39.79±2.49 
37.29±0.99 
34.24±1.68 
29.84±2.17 
I-WRP 
74.47±1.86 
74.27±2.62 
73.98±1.73 
74.28±1.69 
74.37±2.58 
RB171 
(^ Tiax607) 
S-WRP 
49.87±1.81 
4.48±2.25 
28.54±2.47 
19.39±1.36 
11.92±1.82 
I-WRP 
62.38±0.96 
61.96±1.15 
62.48±2.11 
61.87±1.91 
57.26±2.56 
Each dye solution (5.0 mL) was independently treated by soluble and immobilized 
WRP (0.4 U mL'') in the presence of increasing concentrations of HgCl2 (1.0-5.0 
mM), 0.75 mM H2O2 and 0.4 mM HOBT in 0.05 M sodium acetate buffer, pH 5.0 at 
37 °C for 1 h. The percent decolorization was calculated by taking untreated dye 
solution as control (100%). 
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Chapter V 
resistance against denaturation as compared to that shown by S-WRP. 
5.3.10. Treatment of reactive dyes in batch process 
Treatment of dye solutions with soluble and immobilized WRP in stirred batch 
process at different time intervals in the presence of HOBT exhibited a significaint 
loss of color (Table 18). It was observed that S-WRP could decolorize 75% RR 120 
and 70% RB 171in 60 min whereas decolorization by I-WRP was 80% for RR 120 
and 75% for RB 171. Decolorization by S-WRP increased continuously with time till 
60 min only. On the other hand, decolorization by I-WRP was continuously increased 
up to 120 min and it reached 89% for RR 120 and 81% for RB 171. Incubation of dye 
solutions with I-WRP beyond 120 min did not show any further enhancement in 
decolorization. 
5.3.11. Determination of phytotoxicity of decolorized product 
In order to examine the toxicity of WRP decolorized product of reactive dyes, 
phytotoxicity experiment was performed using Allium cepa test with the used dyes 
and their decolorized product. Table 19 shows the growth oi Allium cepa roots in 
terms of length in cm and percent inhibition brought about by treated and untreated 
dye solutions. Allium cepa incubated with untreated RB 171 solution for 7 d showed 
96% inhibition in root length. The average root length was recorded to be 0.20 cm 
compared to 5.0 cm in control while WRP treated RB 171 exhibited an inhibition of 
90%. Minimum inhibition in root length was 78% for WRP treated RR 120 product as 
compared to control. Untreated RR 120 exhibited 88% inhibition in root length. 
5.3.12. UV-visible absorbance spectra of RR 120 treated by soluble and 
immobilized WRP 
The UV-visible absorbance spectra for RR 120 solution showed diminution in 
the peaks of treated dye samples in both UV and visible regions (Figure 25). This 
diminution was quite marked in case of I-WRP treated RR 120. 
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Table 18: Treatment of water polluted with reactive dyes in batch process 
Time 
(min) 
30 
60 
90 
120 
150 
180 
240 
Dye decolorization (%) 
RR120 
(^max 5 1 1 ) 
S-WRP 
68.95±1.94 
75.38±1.47 
74.87±2.46 
75.46±1.85 
75.38±2.46 
75.32±2.18 
75.42±1.89 
I-WRP 
70.67±1.87 
80.36±2.44 
84.53±1.89 
89.48±2.18 
88.79±1.57 
89.37±1.24 
89.43±1.63 
RB171 
(Xmax607) 
S-WRP 
61.86±1.28 
70.46±2.42 
70.25±1.64 
69.87±1.76 
70.36±2.13 
70.46±1.82 
70.18±2.14 
I-WRP 
69.69±1.48 
75.36±1.19 
79.28±1.82 
81.48±2.19 
81.17±1.75 
81.14±2.12 
81.28±1.85 
Dye solutions; DR 17 and DB 1 (250 mL, each) were independently treated by 
soluble and immobilized WRP (40 U) in the presence of 0.75 mM H2O2 and 0.4 mM 
HOBT in 0.05 M sodium acetate buffer, pH 5.0 for 4 h at 37 °C under stirring 
conditions. Aliquots from each treated dye solution were taken at indicated times to 
monitor the decolorization. The percent decolorization was calculated by taking 
untreated dye solution as control (100%). 
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Table 19: Allium cepa test for WRP treated reactive dyes 
Name of dye 
RR120 
RB171 
Test solution 
Control 
Untreated 
Treated 
Untreated 
Treated 
Root length (cm) 
5.0±1.32 
0.6±0.79 
1.1±1.45 
0.20±1.14 
0.5±2.11 
Inhibition (%) 
-
88±0.98 
78±1.21 
96±1.24 
90±0.94 
Onion bulbs were placed at the top of each tube containing control and treated dye 
samples with root primordial downwards touching the liquid. Distilled water was used 
as control for all the samples. In order to prevent the gap between onion bulbs and the 
liquid, respective samples were added to each tube after a gap of 12 h. The 
experiments were carried out for 7 d in dark. Inhibition in the growth of Allium cepa 
roots with respect to control was considered as an index for the degree of toxicity. 
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Figure 25: UV-visible absorption spectra of RR 120 
RR 120 was treated independently by soluble and immobilized WRP (0.4 
U mL"') in the presence of 0.75 mM H2O2 and 0.4 mM HOBT in 50 mM 
sodium acetate buffer, pH 5.0 for 1 h at 37 °C. Absorption spectra were 
monitored on Cintra lOe UV-visible spectrophotometer. Untreated dye 
solution was used as a control. Spectra for treated and untreated samples 
of RR 120 are labelled in the figure. 
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5.3.13. Performance of the continuous reactor 
The performance of the continuous reactor was demonstrated in terms of dye 
decoiorization (Table 20) and loss of chromophoric groups (Figure 26). RR 120 was 
effectively decolorized by the immobilized enzyme present in reactor. 
Spectrophotometric analysis of immobilized WRP treated dye solution showed 73% 
decoiorization of the dye after 1 month of the continuous operation of reactor. 
In order to confirm color removal by I-WRP present in continuous reactor, 
some spectra] analyses were also peTformed. Figure 26 shows the absorption spectra 
of treated and untreated RR 120 with respect to the number of days of operation of the 
reactor. The diminution in absorbance peaks of treated samples in UV-visible regions 
was a clear evidence regarding the removal of color from the dye solution passed 
through a continuous reactor containing I-WRP. 
5.4. DISCUSSION 
One of the serious problems concerning textile wastewaters is colored 
effluents. Although particularly not toxic, dyes have an adverse aesthetic effect 
because they are visible pollutants and thus reduce aquatic diversity by blocking the 
passage of light through water (Khenifi et al., 2007). Owing to their many drawbacks, 
conventional methods are not very effective (Moreira et al., 2001; Mielgo et al., 
2003). Thus search for inexpensive, simple and applicable enzyme-based dye 
treatment systems is the main area of interest presently. Peroxidases in particular have 
been extensively employed for the decoiorization of a number of water-soluble 
synthetic textile dyes (Matto and Husain 2007; Matto and Husain, 2009b; 2009c; 
Husain et al., 2009). 
In this study, an effort has been made to use an inexpensive and partially 
purified WRP preparation for the treatment of reactive dyes following a simple and 
efficient immobilization procedure using an inorganic and non-biodegradable support. 
The dye solutions were found to be recalcitrant upon exposure to HOBT, H2O2, Celite 
or enzyme alone. Thus, decoiorization was a result of redox mediated H2O2-
dependent enzymatic reaction. 
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Table 20: Continuous removal of color from RR 120 in a continuous packed-bed 
reactor 
Number of days 
5 
10 
15 
20 
25 
30 
RR120 
decolorization (%) 
96.34±1.78 
91.23±2.12 
80.54±1.32 
77.17±1.63 
75.28±2.64 
73.49±1.14 
Each value represents the mean for three independent experiments performed in 
duplicates, with average standard deviations, < 5%. 
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Figure 26: Absorption spectra of RR 120 treated in a continuous packed-bed 
reactor 
RR 120 was treated as described in the text and the absorption spectra 
were recorded before and after treatment by I-WRP in the presence of 
HOBT. Spectra of the treated RR 120 samples collected after passing 
through the reactor on different days are labelled in figure. 
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In this study, an experiment has been designed to screen WRP-catalyzed dye 
decolorization mediating property of HOBT, VLA, SA and VA in the presence of 
H2O2 (Table 12). Among the investigated compounds, HOBT was found to have the 
best mediating efficiency for the decolorization of RR 120 and RB 171. It is a well 
known fact that the redox potential of enzymes varies depending on the source of the 
enzyme indicating the need or nature of redox mediator for the degradation of a 
particular dye to occur (Li et al., 1999). 
Several reports are available where the use of redox mediator-enzyme system 
enhanced the dye decolorization rate by several folds. However, these redox 
mediators were required in very high concentrations; 5.7 mM VLA/laccase system, 
11.6 mM of HOBT/laccase system, 2.0 mM HOBT/TP system, 1.0 mM HOBT/BGP 
system (Soares et al, 2001; Claus et al., 2002; Akhtar et al., 2005b; Kulshrestha and 
Husain, 2007). Such high concentrations may be suitable for some processes, 
particularly in closed-loop systems where the mediator is retained. However, high 
concentrations may not be appropriate for applications, such as wastewater treatment 
processes where important considerations include the potentially prohibitive costs of 
mediators and the possibility of creating negative impacts on effluent toxicity (Kim 
and Nicell, 2006). In this study, very low concentration (0.4 mM) of HOBT has been 
used to enhance the rate of WRP-catalyzed dye decolorization (Figure 22). 
The optimization of enzyme concentration was carried out to aim at high 
decolorization efficiency by WRP. A very low concentration of WRP (0.4 U mL"') 
was sufficient for maximum decolorization of dyes indicating the high potential of 
plant peroxidases in the treatment of wastewaters. Increase in enzyme concentration 
above this value showed no fiirther enhancement in decolorization (Table 13). In an 
earlier investigation, a similar observation has been reported where 2 fold increase in 
concentration of HRP beyond 14.985 U mL'' had no significant effect on the 
decolorization of Remazol Turquoise G 133%. On the basis of such results, it can be 
concluded that optimization of enzyme concentration is of utmost importance because 
higher enzyme concentrations have been reported to show no significant influence on 
dye decolorization (Ulson de Souza et al., 2007). 
Enzymes have a characteristic pH at which their activity is maximum. 
Decolorization of the investigated reactive dyes by WRP was optimum at pH 5.0 and 
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40 °C (Figure 23,24). This was in agreement with earlier studies that plant 
peroxidases could decolorize and degrade dyes maximally at acidic pH and low 
temperatures (Christian et al., 2003; Akhtar et al., 2005b; Kulshrestha and Husain, 
2007). 
All the treated dyes were decolorized maximally within 1 h of incubation 
(Table 14). Incubation beyond this time period did not result in further enhancement 
of decolorization. It was observed that RR 120 and RB 171 were easily oxidized, 
however, RR 120 was decolorized to the greatest extent. This was also evident from 
the observation that RR 120 was decolorized to a greater extent within 30 min in 
batch process. It has been reported that decolorization rate varies, depending upon the 
type of dye to be treated (Camarero et al., 2005). 
A number of studies have already been performed on the inhibitory effect of 
several compounds on peroxidases where NaNs has been shown to be a potent 
inhibitor of many hemeprotein-catalyzed reactions (Kvaratskhelia et al., 1997; 
Tatarko and Bumpus, 1997). However, the immobilization of enzymes increases their 
structural rigidity and provides an enhancement in resistance to inactivation induced 
by variations in the environment. In this study, NaNs showed no marked negative 
effect on decolorization of the dye solutions catalyzed by I-WRP (Table 15). 
Effluents from textile industries contain heavy metals (Einollahi et al., 2006). 
Thus, it becomes necessary to evaluate the effect of heavy metals on the activity of 
enzyme catalyzed decolorization of dyes. In this study, the inhibition of I-WRP by 
HgCb was quite low as compared to the soluble enzyme (Table 16). Thus, I-WRP 
could be exploited to treat aromatic pollutants present in industrial effluents even in 
the presence of heavy metals. Peroxidases remained active even in the presence of a 
number of metal ions (vel Krawczyk et al., 2000; Einollahi et al., 2006). 
At any given organic solvent concentration, I-WRP showed marked resistance 
against the effect of organic solvents as compared to S-WRP (Table 17). Some 
workers have also described that the stabilization of immobilized enzymes against 
various forms of water-miscible organic solvents could possibly be due to low water 
requirement or enhanced rigidity of the enzyme structure (Xin et al., 2005). Recently, 
Wang et al. (2007) have demonstrated that crosslinking by glutaraldehyde not only 
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maintained the native state of hemoglobin in H2O2 biosensor but also enhanced the 
structural rigidity to the protein. 
It was observed that an incubation period of 1 h was sufficient for maximum 
decolorization of dyes in a batch process by S-WRP and there was no further increase 
in the decolorization of dyes on prolonged treatment. This could be due to end 
product inhibition by soluble enzyme. However, immobilized enzyme was able to 
decolorize dyes more efficiently for longer times as compared to soluble enzyme. 
Decolorization by I-WRP increased with increasing time and attained constant 
decolorization up to 120 min (Table 18). 
In order to confirm the removal of aromatic compounds from the WRP treated 
dye solutions in the presence of redox mediators, spectral analyses were also 
performed. The decrease in absorbance was a clear indication of dye decolorization 
and loss of chromophoric groups from the solution (Figure 25). Although toxicity of 
the treated samples was reduced as compared to the untreated samples, certain extent 
of toxicity still persisted (Table 19). Such an extent of detoxification by peroxidase 
has also been reported earlier (Kulshrestha and Husain, 2007). Abadulla et al. (2000) 
found that the toxicity of several dyes including azo compounds was reduced after 
enzymatic treatment, however, there was no strict correlation between decolorization 
and detoxification. In another study, although HOBT addition led to 96% 
decolorization, the detoxification was somewhat less effective (Murugesan et al., 
2009). Such biological tests are necessary to evaluate the pollution in effluents or 
water bodies and serve to determine the toxic potential of aromatic pollutants 
(Palegrini et al., 2007). 
A packed-bed reactor containing I-WRP was operated for continuous removal 
of color from RR 120 dye solution. The reactor operated without any operational 
problem and showed significant color removal efficiency for the entire period of 
operation (Table 20). The measurement of decolorization of this dye by I-WRP in a 
reactor system was further supported by UV-visible spectral analysis (Figure 26). 
Significant loss of color in UV-visible region with respect to number of days in a 
continuous reactor system indicated the suitability of this system to treat huge 
volumes of effluents. 
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On the basis of these findings, it can be concluded that immobilized WRP has 
more potential in the decolorization of dyes even in the presence of NaNs, HgCl2 and 
organic solvents. I-WRP was better suited for the decolorization and removal of 
colored compounds from dye solutions in batch process as well as in a continuous 
reactor. The enzymatic decolorization of reactive dyes in a continuous system has 
very rarely been studied. These observations thus pointed out the novelty of the 
results obtained in this area. Hence a reasonable basis is provided for the large scale 
application of WRP in the treatment of textile effluents owing to its easy availability, 
inexpensive nature and efficiency at low concentrations. 
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Degradation of disperse dyes catalyzed by 
ealciiim alginate-pectin enti'apped bitter 
goiu*d (JMomordica charantid) 
peroxidase 
u, 
CAafitm VI 
6.1. INTRODUCTION 
Azo dyes represent the largest and most versatile group of dyes, whose share in 
industrial application amounts to some 70% of all dyestuff consumed (McMuUan et al., 
2001). The impact of dyes discharged into environment is of a great concern. The 
presence of dyes in water bodies adds color, which in turn interferes with photosynthesis 
and aquatic ecosystem. Moreover, a wide range of textile dye toxicity has been reported, 
which might cause both chronic and acute toxicity. The presence of these dyes in the 
aqueous ecosystem is thus, the cause of serious environmental and health concerns (Asad 
et al., 2007). 
Enzymes catalyze reactions with high specificity and efficiency. In addition, they 
can be performed in relatively simple equipment, short time and are easy to control due to 
mild operating conditions of enzymatic processes (Fernandez-Sanchez et al., 2002; 
Husain, 2006). The capability of oxidoreductive enzymes to degrade chromophore 
substrates such as triarylmethane, indigoid, azo and anthraquinonic dyes suggests their 
potential application in textile dye bleaching processes (Abadullah et al., 2000; Husain 
and Husain, 2008). However, these processes have been hindered due to unfavorable 
kinetics between the enzyme and dye. The use of small molecules capable to act as 
electron transfer mediators between the enzyme and dye has been regarded as a feasible 
solution to this drawback. The feasibility of these molecules as effective electron donors 
is governed by the redox potential difference between the enzyme and mediator, which 
strongly depends on the pH at which the reaction takes place (Fernandez-Sanchez et al., 
2002). The catalytic activity of the enzyme has also been regarded to be strongly 
dependent upon the interaction between a specific enzyme and the redox mediator 
(Soares et al., 2001; Husain and Husain, 2008). 
The widespread industrial application of enzymes is often hampered due to their 
lack of long term operational stability and shelf-storage life, their cumbersome recovery 
and reuse. These drawbacks can be overcome by the immobilization of enzymes. Enzyme 
immobilization may also improve the stability of enzymes by multipoint attachment to 
the support (Mateo et al., 2007), However, the entrapment of pre-immobilized enzymes 
prevented the leakage of enzymes from polymeric matrices (Matto and Husain, 2006). 
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Moreover, immobilization inside the pores of the support could reduce any negative 
interaction between the enzyme and the sol-gel matrix (Betancor et al., 2005). 
In this study, calcium alginate-pectin entrapped Con A-BGP was used for the 
remediation of water polluted with azo disperse dyes. The effects of pH, heat, time, 
concentration of VLA and enzyme on the decolorization of such dyes have been 
optimized. The operational stability of soluble and entrapped BGP for treatment of dyes 
has been compared in batch processes at different temperatures and by varying 
concentration of enzyme. 
6.2. Materials and methods 
6.2.1. Materials 
Disperse dyes; DB 1 and DR 17 were the gift from Atul Chem. Co. (Valsad, 
Gujarat, India). BSA and o-dianisidine HCl were obtained from Sigma Chemical Co. (St. 
Louis, MO, USA). Ammonium sulphate, VLA and Tween-20 were obtained from SRL 
Chemicals (Mumbai, India). Bitter gourd was purchased from local vegetable market. 
Other chemicals and reagents employed were of analytical grade and used without any 
further purification. 
6.2.2 Ammonium sulphate fractionation of bitter gourd proteins 
Bitter gourd (250 g) was homogenized in 500 mL of 0.1 M sodium acetate buffer, 
pH 5.5 as described in Chapter II, Section 2.2.2. 
6.2.3. Preparation of Con A-BGP complex and entrapment into calcium alginate-
pectin beads 
Con A-BGP was prepared as described in Chapter II, Section 2.2.4. 
6.2.4. Preparation and treatment of synthetic dye solutions 
Dye solutions were prepared as described in Chapter IV, Section 4.2.3. Dyes were 
treated by soluble and immobilized BGP (0.15 U mL"') at 40 °C under conditions 
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specified in Chapter IV, Section 4.2.3. Redox mediator, VLA, was added at 
concentrations specified in each section. 
6.2.5. Effect of varying concentrations of VLA on BGP catalyzed dye decolorization 
Each dye (5.0 mL) was incubated independently by soluble and immobilized BGP 
(0.15 U mL'') in the presence of varying concentrations of VLA (0.1-0.6 mM) and 0.75 
mM H2O2 in 0.1 M glycine HCI buffer, pH 3.0 for 2 h at 40 °C. The reaction was stopped 
and intensity of color was recorded a mentioned in Chapter IV, Section 4.2.3. 
6.2.6. Effect of pH on BGP catalyzed dye decolorization 
Dye solutions (25-50 mg mL'') were prepared in the buffers of different pH (2.0-
10.0). The buffers used were glycine-HCl (pH 2.0 and 3.0), sodium acetate (pH 4.0 and 
5.0), sodium phosphate (pH 6.0-8.0) and Tris-HCl (pH 9.0 and 10.0). The molarity of 
each buffer was 0.1 M. Each dye (5.0 mL) was treated independently by soluble and 
immobilized BGP (0.15 U mL'') in buffers of various pH in the presence of 0.75 mM 
H2O2 and 0.2 mM VLA for 2 h at 40 °C. Dye decolorization was monitored at the 
respective Xmax of each dye. The percent decolorization was calculated by taking 
untreated dye solution in each buffer as control and activity at pH 3.0 as 100%. 
6.2.7. Effect of time on BGP catalyzed dye decolorization 
Each dye solution (5.0 mL) was independently treated by soluble and 
immobilized BGP (0.15 U mL'') in the presence of 0.75 mM H2O2 and 0.2 mM VLA in 
0.1 M glycine HCI buffer, pH 3.0 at 40 °C for varying time intervals. 
6.2.8. Effect of temperature and enzyme concentration on treatment of dyes in batch 
processes 
In order to check the operational stability of BGP at higher temperatures, 
decolorization of the investigated dyes by soluble and immobilized BGP was monitored 
in stirred batch processes at 40 °C, 50 °C and 60 °C for 4 h. Dye solutions; DR 17 and 
125 
DB 1 (250 mL, each) were independently treated by soluble and immobilized BGP (35 
U) in the presence of 0.75 mM H2O2 and 0.2 mM VLA for varying times under stirring 
conditions at the specified temperatures. Aliquots from the treated dyes were taken at 
indicated time intervals for the measurement of remaining color. 
In subsequent experiments, decolorization of the dyes was monitored in stirred 
batch processes in the presence of 15 U and 25 U of soluble and immobilized BGP 
independently at 40 °C. Treatment of dye solutions (250 mL, each) was carried out as 
described earlier. 
6.2.9. Allium cepa test for BGP treated disperse dyes 
The Allium cepa bioassay for dye samples was done according to the method 
described by Fiskesjo (1985) as described in Chapter 5, Section 5.2.15. Boiling tubes 
were filled with undiluted and 1:1 diluted control and treated dye samples consisting of 
BGP (0.15 U mL-'), 0.75 mM H2O2 and 0.2 mM VLA in 0.1 mM glycine HCI buffer, pH 
3.0. 
6.2.10. FT-IR analysis 
The oxidation products of treated dyes were monitored with INTERSPEC 2020 
model FT-IR instrument, USA. The calibration was done by polystyrene film. The 
samples were injected by Hamiet 100 nL syringe in ATR box. The syringe was first 
washed by acetone followed by distilled water, FT-IR analysis was done to monitor the 
functional groups present in the native dyes and on the oxidative products. 
6.2.11. UV-visible spectral analysis of dyes treated by soluble and immobilized BGP 
Spectra for treated and control dye samples were recorded as mentioned in 
Chapter 5, Secfion 5.2.16. 
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6.2.12. Measurement of peroxidase activity 
Peroxidase activity was determined in 0.1 M glycine-HCl buffer, pH 3.0 at 40 °C 
as described in Chapter II, Section 2.2.12. 
6.2.13. Measurement of protein concentration 
Protein concentration was estimated as described in Chapter 11, Section 2.2.13. 
6.2.14. Statistical analysis 
It was done as described in Chapter II, Section 2.2.14. 
6.3. RESULTS 
6.3.1. Effect of varying concentration of VLA on BGP catalyzed dye decolorization 
Figure 27 demonstrates the effect of increasing concentrations of VLA on the 
decolorization of DR 17 and DB 1. Dyes were decolorized maximally in the presence of 
0.2 mM VLA. However, the concentrations of VLA above 0.2 mM resulted in gradual 
decrease in BGP catalyzed dye decolorization. Entrapped BGP decolorized dyes more 
efficiently at all the indicated concentrations of VLA as compared to its soluble 
counterpart. 
6.3.2. Effect of pH on BGP catalyzed dye decolorization 
Results revealed that BGP had decolorized higher level of dyes in acidic pH 
range, 3.0-6.0. However, the dyes were maximally decolorized at pH 3.0; DR 17 was 
decolorized to an extent of 63% and 92% by soluble and immobilized BGP while DB 1 
was decolorized 42% and 59% by these BGP preparations, respectively (Figure 28). The 
extent of decolorization was remarkably decreased as the pH of treated samples increased 
above 6.0. 
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Figure 27: Effect of VLA concentration on BGP catalyzed decolorization of disperse 
dyes 
Each dye solution (5.0 mL) was independently treated by soluble and 
immobilized BGP (0.15 U mL"') in 0.1 M glycine HCl buffer, pH 3.0 for 2 h 
in the presence of increasing concentrations of VLA (0.1-0.6 mM) and 0.75 
mM H2O2 for 2 h at 40 °C. The percent decolorization was calculated by 
taking untreated dye solution as control (100%). 
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Figure 28: Effect of pH on BGP catalyzed decolorization of disperse dyes 
Each dye solution (5.0 mL) was independently treated by soluble and 
immobilized BGP (0.15 U mL'') in buffers of various pH (2.0-10.0) in the 
presence of 0.75 mM H2O2 and 0.2 mM VLA for 2 h at 40 °C. The molarity of 
each buffer was 0.1 M. The percent decolorization was calculated by taking 
untreated dye solution at each pH as control and activity at pH 3.0 as 100%. 
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6.3.3. Effect of time on BGP catalyzed decolorization 
Table 21 shows the effect of time on the decolorization of DR 17 and DB 1. 
Maximum decolorization of the dyes was observed within 2 h of incubation. DR 17 and 
DB 1 were decolorized 60% and 41% by S-BGP while the entrapped BGP decolorized 
DR 17 and DB 1 more efficiently to 90% and 59% under identical experimental 
conditions, respectively. However, there was no effective increase in dye decolorization 
on further incubation for longer times. Sufficient amount of DR 17 was decolorized 
within 30 min while the decolorization of DB 1 was slow. 
6.3.4. Effect of temperature and enzyme concentration on treatment of disperse dyes 
in batch processes 
Treatment of dyes by BGP in stirred batch processes at different temperatures 
showed a significant loss of color from dye solutions (Table 22). Dyes were decolorized 
maximally at 40 °C in batch process by 35 U of soluble and immobilized BGP. However, 
at 50 °C and 60 °C dye decolorization decreased gradually. Decolorization of dyes by S-
BGP at the indicated temperatures increased continuously till 60 min while the 
decolorization of these dyes by entrapped BGP was continuously increased up to 90 min 
at all the investigated temperatures. Incubation of dye solutions with I-BGP beyond 120 
min did not show any further enhancement in decolorization at these temperatures. The 
disappearance of 73% and 50% color from DR 17 and DB 1 by S-BGP was observed 
within 1 h of incubation at 40 °C, while DR 17 and DB 1 were decolorized to 98%) and 
71% by entrapped BGP in 90 min at 40 °C, respectively. Decolorization of DR 17 and 
DB 1 was maximum 58% and 38% by S-BGP at 50 °C in 1 h whereas maximum 
decolorization by entrapped BGP was 94% for DR 17 and 60% for DB 1 within 90 min. 
However, DR 17 and DB 1 were decolorized to 48% and 30% by S-BGP at 60 °C in 1 h 
while the highest decolorization by entrapped BGP was 85%. for DR 17 and 51% for DB 
1 at the same temperature in 90 min, respectively. 
Table 23 demonstrates the effect of soluble and immobilized BGP on the 
decolorization of DR 17 and DB 1 in batch process. S-BGP (25 U) decolorized 64% DR 
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Table 21: Effect of time on BGP catalyzed decolorization of disperse dyes 
Time 
(min) 
15 
30 
60 
90 
120 
150 
Decolorization (%) 
DR17 
S-BGP 
30±2.24 
39±1.35 
45±2.15 
51±2.46 
60±1.68 
60±1.47 
1-BGP 
57±1.67 
66±1.23 
76±1.76 
83±2.14 
90±1.49 
90±2.25 
DO 1 
S-BGP 
16±1.34 
21±2.14 
27±1.98 
35±1.64 
41±2.38 
41±1.55 
I-BGP 
28±1.58 
36±1.62 
41±2.65 
50±1.86 
59±1.34 
60±2.78 
Each dye solution (5.0 mL) was independently treated by soluble and immobilized BGP 
(0.15 U mL"') in the presence of 0.75 mM H2O2 and 0.2 mM VLA in 0.1 M glycine HCl 
buffer, pH 3.0 at 40 °C for varying times. 
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Table 23: Effect of enzyme concentration on BGP catalyzed decolorization of 
disperse dyes in batch process 
Time 
(min) 
15 
30 
60 
90 
120 
150 
180 
210 
240 
Decolorization (%) 
BGP (15 U) 
DR17 
S-BGP 
31±2.67 
36±2.43 
50±1.56 
52±1.78 
52±2.89 
52±2.43 
52±1.56 
52±1.78 
52±2.89 
I-BGP 
60.± 1.8 
68±2.78 
79±1.57 
80±2.41 
81±1.26 
81±2.78 
81±1.57 
81±2.41 
81±1.26 
DBl 
S-BGP 
16±2.65 
24±1.89 
29±2.32 
30±2.12 
30±2.53 
30±1.89 
30±2.32 
30±2.12 
31±2.53 
I-BGP 
34±1.89 
41±2.34 
46±2.16 
48±1.84 
49±2.14 
49±2.34 
49±2.16 
49±1.84 
49±2.14 
BGP (25 U) 
DR17 
S-BGP 
39±1.34 
46±2.18 
64±2.64 
64±1.57 
64±1.89 
64±2.18 
64±2.64 
64±1.57 
64±1.89 
I-BGP 
70±2.82 
79±2.67 
88±1.85 
93±1.43 
93±2.86 
93±2.67 
93±1.85 
93±1.43 
93±2.86 
DBl 
S-BGP 
23±2.14 
33±1.36 
40±2.42 
41±1.68 
41 ±0.97 
41±1.36 
41 ±2.42 
4i±1.68 
41±0.97 
I-BGP 
42±1.11 
50±1.82 
54±2.89 
60±2.46 
60±1.73 
60±1.82 
60±2.89 
60±2.46 
60±1.73 
Dye solutions; DR 17 and DB 1 (250 mL, each) were independently treated by 15 and 25 
U of soluble and immobilized BGP in the presence of 0.2 mM VLA and 0.75 mM H2O2 
in 0.1 M glycine HCl buffer, pH 3.0 for 4 h at 40 °C. 
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17 and 40% DB 1 in 1 h whereas decolorization by I-BGP was 93% for DR 17 and 60% 
for DBl in 90 min. However, S-BGP (15 U) could decolorize 50% DR 17 and 29% DB 1 
in 90 min whereas DR 17 and DB 1 were decolorized to 80% and 48% by entrapped BGP 
in 90 min, respectively. There was no further enhancement in the decolorization of these 
dyes after 60 min and 90 min by soluble and immobilized BGP, respectively. 
6.3.5. Determination of phytotoxicity of decolorized product 
In order to examine the toxicity of BGP decolorized product of disperse dyes, 
phytotoxicity experiments were performed by Allium cepa test with used dyes and their 
decolorized product. Table 24 shows the growth oi Allium cepa roots in terms of length 
in cm and percent inhibition brought about by treated and untreated dye solutions. Allium 
cepa incubated with undiluted untreated DR 17 solution for 7 d showed 92% inhibition in 
root length while as 1:1 dilution of the same solution with distilled water exhibited an 
inhibition of 85% in root length. The average root length was recorded to be 0.30 cm and 
0.60 cm in undiluted and diluted untreated samples of DR 17 as compared to 4.0 cm in 
control. BGP treated undiluted and diluted DR 17 revealed an inhibition of 77% and 
65%, respectively. Minimum inhibition in root length was 70% and 55% for undiluted 
and 1:1 diluted BGP treated DB 1 product as compared to control. Untreated undiluted 
and 1:1 diluted DB 1 exhibited 87.5% and 80% inhibition in root length, respectively. 
6.3.6. FT-IR analysis 
FT-IR spectra for treated and untreated samples were recorded in the range of 
500-4000 cm"'. The FT-IR analysis of treated and untreated solutions of DR 17 and DB 1 
showed various peaks (Figure 29). Untreated dye solutions had several peaks in the 
region where N-H and 0-H stretching was normally observed; 3300-3600 cm"'. After 
enzymatic treatment, a significant reduction in absorption was observed in this region. 
Bands located within the region 1610-1630 cm"' persisted in both untreated and treated 
solutions. However, peaks within the region 1471-1555 cm"' (specifying -NO2) showed 
reduced absorbance in case of treated DR 17 and DB 1 solutions. In case of DB 1, some 
peaks were observed within the region 710-725 specifying the presence of -C-Cl. Peaks 
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Table 24: Allium cepa test for BGP treated disperse dyes 
Dye 
DR17 
DB 1 
Test 
solution 
Control 
Untreated 
Treated 
Untreated 
Treated 
Root length 
(cm) 
(Ix dilution) 
4.0±1.24 
0.3±1.54 
0.9±2.13 
0.5±2.42 
1.1±2.11 
Inhibition 
(%) 
-
92±2.61 
77±1.86 
87.5±2.17 
70±1.64 
Root length 
(cm) 
(2x dilution) 
4.0±1.72 
0.6±2.64 
1.4±2.41 
0.8±1.68 
1.8±2.16 
Inhibition 
(%) 
-
85±1.64 
65±2.12 
80±2.15 
55±1.82 
Onion bulbs were placed at the top of each tube containing control and treated samples 
with root primordial downwards touching the liquid. Distilled water was used as control 
for all the samples. In order to prevent the gap between onion bulbs and the liquid, 
respective samples were added to each tube after a gap of 12 h. The experiments were 
carried out for 7 d in dark. Inhibition in the growth oi Allium cepa roots with respect to 
control was considered as an index for the degree of toxicity. 
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Figure 29: FT-IR spectra of DR 17 and DB 1 
Each dye solution (5.0 mL) was independently treated by I-BGP (0.15 U mL' 
') in the presence of 0.75 mM H2O2 and 0.2 mM VLA for 2 h at 40 °C. The 
percent decolorization was calculated by taking untreated dye solution as 
control 100%. Spectra for treated and untreated samples are labelled in the 
figure. 
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within the region 2325-2365 (specifying -CH2 stretching) exhibited significant reduction 
in absorption in case of treated samples of both the dyes with sharp peaks. Broadness of 
FT-IR spectra in case of enzyme treated samples revealed the destruction of the 
conjugated/aromatic structure. 
6.3.7. UV-visible absorbance spectra of the entrapped BGP treated dyes 
Figure 30 shows the UV-visible absorbance spectra of DR 17 and DB 1 solutions 
before and after treatment by soluble and immobilized BGP. The diminution in the peaks 
at Xmax (510 nm for DR 17 and 460 nm for DB 1) in visible region was quite marked in 
case of r-BGP treated solutions of DR 17 and DB 1. 
6.4. DISCUSSION 
In this study, an effort has been made to use an inexpensive immobilized BGP 
preparation for the treatment of water polluted with insoluble disperse dyes. Tween-20 
was used to solubilize these dyes. Although the use of high concentration of surfactants 
in industrial wastewaters may pose some technical problems and it added COD and 
toxicity (Spadaro and Renganathan, 1994). The concentration of surfactant used in this 
study was quite low and thus it helped in the solubilization of dyes. The dye solutions 
were found to be recalcitrant upon individual exposure to VLA, H2O2, calcium-alginate 
pectin beads and enzyme, and upon combined exposure to enzyme/H202 or 
enzyme/VLA. Thus, decolorization was a result of redox mediated H202-dependent 
enzymatic catalysis. Here, a very low concentration, 0.2 mM of VLA, was found to be 
effective in the enhancement of BGP-catalyzed dye decolorization (Figure 27). 
The optimization of enzyme concentration was carried out to aim at high 
decolorization efficiency by BGP. BGP (0.15 U mL"') was sufficient for maximum 
decolorization of dyes; thus it indicated high potential of plant peroxidases in the 
treatment of industrial wastewaters. In order to check the efficiency of BGP in batch 
process, decolorization was carried out in presence of 15 U and 25 U of the enzyme. 
However, in batch process 35 U of BGP resulted in maximum decolorization at 40 °C 
(Table22). On the basis ofsuch observations, it can be concluded that the optimization 
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Figure 30: UV-visible absorption spectra of DR 17 and DB 1 
Absorption spectra of dye solutions treated by soluble and immobilized BGP 
in the presence of 0.75 mM H2O2 and 0.2 mM VLA in 0.1 M glycine HCl 
buffer, pH 3.0 were monitored on Cintra lOe UV-visible spectrophotometer. 
Untreated dye solution was used as a control. Spectra for treated and 
untreated samples are labelled in the figure. 
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of enzyme concentration is of great importance because higher enzyme concentrations 
have been reported to show no significant influence on dye decolorization (Ulson de 
Souza et al., 2007). Enzymes have a characteristic pH at which they show maximum 
activity, the pH optimum being dependent on the nature of substrate (Fernandez-Sanchez 
et al., 2002; Ghodake et al., 2009). Decolorization of the investigated dyes by BGP was 
optimum at pH 3.0 (Figure 28). It has been reported that the azo dyes and real 
wastewaters were also decolorized maximally at acidic pH (Maddhinni et al., 2006; 
Dayaram and Dasgupta, 2008; Matto et al., 2008). 
It was observed that an incubation period of 1 h was sufficient for maximum 
decolorization of dyes in batch process by S-BGP and no further increase in dye 
decolorization was observed on incubation for longer periods. This could be due to end 
product inhibition of S-BGP. However, I-BGP was able to decolorize dyes more 
efficiently as compared to S-BGP. Decolorization of dyes in batch process by I-BGP 
increased with increasing time and continued up to 90 min (Table 22,23). It has been 
earlier described that the decolorization of dyes depends upon the type of dye and its 
chemical structure (Camarero et al., 2005) 
In order to confirm the removal of aromatic compounds from the BGP treated dye 
solutions in the presence of redox mediators, spectral analyses were also performed. The 
decrease in absorbance at Xmax of each treated dye was a clear indication of dye 
decolorization and loss of chromophoric groups from the solution. The electron-
withdrawing nature of the azo linkages obstructs the susceptibility of azo dye molecules 
to oxidative degradation. However, very few specialized enzymes are found to be able to 
degrade azo dyes (Husain, 2006; Ghodake et al., 2009). Moreover, color is usually the 
first contaminant to be recognized in a wastewater. A very small amount of synthetic 
dyes in water (10-15 mg L~') is highly visible; affecting the aesthetic merit, transparency 
and gas solubility of water bodies (Pereira et al., 2009). Thus the main interest of this 
study was to develop procedures based on immobilized enzymes for the treatment of 
water containing insoluble disperse dyes. As evident from the results, the use of this 
enzymatic process was a viable approach for the degradation of such dyes. FT-IR 
analysis supported the destruction of the aromatic structure of the treated dye samples 
which was concluded from the broadness in the spectra of treated samples and significant 
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reduction in absorptivity within the region 3300-3600 cm"' in treated dye solutions 
(Elisangela et al., 2009). 
Although toxicity of the treated samples was significantly reduced as compared to 
the parent dyes, certain extent of toxicity still persisted (Table 24). The toxicity of several 
dyes including azo compounds was reduced after enzymatic treatment, although there 
was no strict correlation between decolorization and detoxification (Abadulla et al., 2000; 
Kulshrestha and Husain, 2007; Murugesan et al., 2009; Pereira et al., 2009). Such 
biological tests are necessary to evaluate the pollution in effluents or water bodies and 
serve to determine the toxic potential of aromatic pollutants (Palegrini et al., 2007). 
On the basis of findings of this work, it can be concluded that I-BGP has more 
potential in the decolorization of dyes even at higher temperatures. Entrapped BGP was 
better suited for the decolorization/removai of colored compounds from dye solutions in 
batch processes. These observations may provide a reasonable basis for the application of 
peroxidase that is easily available, inexpensive and efficient at low concentration in the 
development of an effective biotechnological process for the removal of colored 
pollutants from textile effluents at large scale. 
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CHAPTER-VII 
Removal of colored compounds fl*om a 
textile effluent in batch as well as in 
continuous reactor by calcium alginate-
starch entrapped bitter gourd 
(Jkiotnordica charantia) peroxidase 
eA<xpie>i VII 
7.1. INTRODUCTION 
Enzyme based procedures have attracted much attention of researchers as a 
potential and viable alternative to conventional methods, due to their highly selective 
nature. Further, inhibition by toxic substances is minimum in enzymatic treatment and 
the process can operate over a broad range of aromatic concentrations with low 
retention time (Husain, 2006). Several limitations have prevented the use of free 
enzymes due to their stability and catalytic ability which decreased with the 
complexity of the effluent (Zille et al., 2003; Rojas-Melgarejo et al., 2004; Husain, 
2006). Some of these limitations can be overcome by using enzymes in their 
immobilized form that can act as catalysts with long lifetime and high stability, thus 
being a better alternative for wastewater treatment at large scale (Zille et al., 2003; 
Akhtar et al., 2005a; Husain and Husain, 2008). 
Enzymes entrapped in different polymeric materials have been employed for 
the treatment of various pollutants (Lu et al., 2007). However, the selection of an 
appropriate entrapment material specific to the enzyme and optimization of process 
conditions is still attracting the attention of enzymologists. The cost of material and 
its stability are also taken into consideration. 
Here an attempt has been made to use a hybrid alginate and starch gel for the 
entrapment of BGP as Con A-BGP complex. The effect of pH and temperature on the 
effluent decolorization by BGP has been evaluated. I-BGP has been investigated for 
its reusability and its textile effluent decolorization efficiency in stirred batch process 
as well as in continuous packed-bed reactor. 
7.2. MATERIALS AND METHODS 
7.2.1. Materials 
Ammonium sulphate, CaCh, silica and starch were procured from the SRL 
Chemicals (Mumbai, India). o-Dianisidine HCl was received from IGIB (New Delhi, 
India). H2O2 was obtained from Merck Chem. Ltd. (Mumbai, India). Jack bean meal 
was purchased from Loba, Chem. Co. (Mumbai, India). Sodium alginate was the 
product of Koch-Light (England). The untreated cotton textile effluent was obtained 
from the cotton industry located in Sector 7, Noida (U.P., India). Bitter gourd was 
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purchased from the local vegetable market. Other chemicals and reagents used were 
of analytical grade. 
7.2.2. Ammonium sulphate fractionation of bitter gourd proteins 
Bitter gourd (250 g) was homogenized in 500 mL of 0.1 M sodium acetate 
buffer as described in Chapter II, Section 2.2.2. 
7.2.3. Preparation of Con A-BGP complex 
Con A-BGP was prepared as described in Chapter II, Section 2.2.4. Con A-
BGP complex (3430 U) in 20.0 mL was crosslinked by using 0.5% glutaraldehyde for 
2 h at 4 °C with constant shaking (Jan et al., 2006). 
7.2.4. Entrapment of crosslinked Con A-BGP into calcium alginate-starch beads 
The crosslinked Con A-BGP complex (647 U) in five batches was mixed with 
sodium alginate (2.5%, w/v) and starch (2.5%, w/v) and volume was made up to 20 
mL with assay buffer. The resulting mixture was slowly extruded as droplets through 
a 5.0 mL syringe with attached needle No. 20 into 0.2 M CaCl2 solution. The beads 
were further gently stirred for 2 h and suspended in 0.1 M sodium acetate buffer, pH 
5.0. The obtained calcium alginate-starch entrapped crosslinked Con A-BGP was 
stored at 4 °C for further use (Matto and Husain, 2006). 
7.2.5. Effluent processing and dilution 
The textile effluent was collected firom the industrial site situated in sector 7, 
Noida, (U.P., India). The effluent was centrifuged and collected supernatant was 
further diluted with 0.1 M sodium acetate buffer, pH 5.0 till the effluent exhibited 
optical density of approximately 0.550. The X^ ax of the effluent was determined by 
using Cintra lOe UV-visible spectrophotometer. 
In various experiments, textile effluent decolorization was calculated as 
described in Chapter IV, Section 4.2.3. 
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7.2.6. Effect of pH on the decolorization of textile effluent by BGP 
Effect of pH on BGP catalyzed decolorization of effluent (5.0 mL) was 
monitored in the buffers of different pH; glycine-HCl (pH 2.0 and 3.0), sodium 
acetate (pH 4.0 and 5.0) and Tris-HCl (pH 6.0-10.0). The molarity of each buffer was 
0.1 M. Effluent was treated with BGP (0.28 U mL'') in the presence of 1.0 mM 
HOBT and 0.72 mM H2O2 for 1 h at 37 °C. Untreated effluent in each buffer was 
considered as control (100%) for the calculation of percent decolorization at each pH. 
7.2.7. Effect of temperature on the decolorization of textile effluent 
The effect of temperature on the BGP-catalyzed decolorization of textile 
effluent (5.0 mL) was monitored at various temperatures (20-80 °C) in the presence 
of 1.0 mM HOBT and 0.72 mM H2O2 for 1 h in 0.1 M sodium acetate buffer, pH 5.0. 
Decrease in color of textile effluent after treatment by soluble and immobilized BGP 
(0.28 U mL"') was monitored at specific A^ ax- Untreated effluent incubated at each 
temperature was considered as control (100%) for the calculation of percent 
decolorization at each temperature. 
7.2.8. Effluent decolorization reusability of I-BGP 
The textile effluent (5.0 mL) was incubated with I-BGP (0.28 U mL"') for 1 h 
at 37 °C in the presence of 1.0 mM HOBT and 0.72 mM H2O2 in sodium acetate 
buffer, pH 5.0. After the reaction, enzyme was separated by centrifugation at 3000 x g 
and stored in the assay buffer for over 12 h at 4 °C. The similar effluent 
decolorization experiment was repeated 10 times with the same preparation of I-BGP 
and each time with a fresh batch of diluted effluent. The decolorization of effluent 
was monitored at a specific wavelength of 580 nm. The decolorization determined for 
the first time was considered as control (100%) for the calculation of remaining 
percent decolorization after each use. 
7.2.9. Decolorization of effluent in batch process 
The textile effluent (250 mL) was independently treated by soluble and 
immobilized BGP (37.5 U) in 0.1 M sodium acetate buffer, pH 5.0 in the presence of 
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1.0 mM HOBT and 0.72 mM H2O2 for various times at 40 °C. Aliquots were removed 
at indicated times and were analyzed for the remaining color at 580 nm. Untreated 
effluent was considered as control (100%) for the calculation of percent 
decolorization. 
7.2.10. Experimental and operational procedure for the treatment of effluent in a 
two-reactor system 
A two-reactor system was developed for the continuous removal of colored 
compounds from textile effluent. First column (10.0 x 2.0 cm) was filled with I-BGP 
(1162 U) connected to another column (10.0 x 2.0 cm) containing activated silica. 
Activated silica was prepared by incubating 5.0 g of silica in an oven (120 °C) for 12 
h and washed thrice with 20.0 mL of distilled water. The diluted industrial effluent in 
the presence of 1.0 mM HOBT and 0.75 mM H2O2 was passed through a two-reactor 
system at room temperature (30±2 °C) under the same experimental conditions as 
mentioned in the previous section. The flow rate of the column was maintained at 20 
mLh"'. After every 10 d, samples were collected and analyzed spectrophotometrically 
after centrifugation for the remaining color. A control reactor containing calcium 
alginate-starch beads without enzyme was operated side by side. 
7.2.11. UV-visible spectral analysis of effluent treated in a two-reactor system 
Samples collected at various times from the two-reactor system were analyzed 
by UV-visible spectrophotometer for the intensity of color as well as for their spectra. 
The intensity of the effluent color was measured at 580 nm. Spectra for the control 
and effluent treated by BGP in reactor were taken on Cintra lOe UV-visible 
spectrophotometer (200-700 nm). 
7.2.12. Assay of peroxidase activity 
Peroxidase activity was determined in 0.1 M sodium acetate buffer, pH 5.0 at 
37 °C as mentioned in Chapter II, Section 2.2.12. 
7.2.13. Protein estimation 
Protein concentration was estimated as described in Chapter II, Section 2.2.13. 
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7.2.14. Statistical analysis 
Data analysis was performed as described in Chapter II, Section 2.2.14. 
7.3. RESULTS 
The collected industrial effluent was suitably diluted and its absorption 
spectrum was recorded. The spectrum of effluent exhibited a maximum absorption at 
580 nm (Figure 31). The effluent was found to be stable upon individual or combined 
exposure to H2O2, enzyme, HOBT, calcium alginate-starch beads and activated silica. 
It was also recalcitrant to the combined action of BGP and H2O2. Thus it was 
observed that the effluent decolorization was due to combined action of BGP, H2O2 
and redox mediator, HOBT. 
7.3.1. Effect of pH 
Entrapped BGP showed efficient effluent decolorization in the buffers of 
acidic pH, 3.0-5.0. Effluent was decolorized maximally 26% and 50% by soluble and 
immobilized BGP at pH of 5.0, respectively (Figure 32). Subsequently, the color 
removal was significantly reduced at pH 6.0 and onwards. 
7.3.2. Effect of temperature 
Figure 33 demonstrates the effect of temperature on the decolorization of 
textile effluent by soluble and immobilized BGP. Soluble and immobilized BGP 
could decolorize maximally 26% and 52% effluent at 40 "C. However, above 40 °C, 
the rate of effluent decolorization was significantly decreased. 
7.3.3. Effluent decolorization reusability of BGP 
In order to make practical use of I-BGP in a reactor, it was necessary to 
investigate the reusability of I-BGP. The effluent decolorization reusability of I-BGP 
continuously decreased on its repeated use (Figure 34). I-BGP retained 59% effluent 
decolorization activity after its 10* repeated use. 
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Figure 31:UV-visible spectrum of textile effluent 
The spectrum of diluted effluent was recorded on Cintra lOe UV-visible 
spectrophotometer. 
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Figure 32: Effect of pH on the decolorization of textile effluent by soluble 
and immobilized BGP 
The textile effluent (5.0 mL) was treated by BGP (0.28 U mL'') in the 
presence of 1.0 mM HOBT, 0.72 mM H2O2 at 37 °C for 1 h in the 
buffers of different pH as mentioned in Section 7.2.6. The morality of 
each buffer was 0.1 M. 
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Figure 33: Effect of temperature on the decolorization of textile effluent by 
soluble and immobilized BGP 
The decolorization of textile effluent (5.0 mL) by soluble and 
immobilized BGP (0.28 U mL"') was evaluated at various temperatures 
(20-80 °C) in the presence of 1.0 mM HOBT and 0.72 mM H2O2 for 1 h. 
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Figure 34: Textile effluent decolorization reusability of I-BGP 
I-BGP was incubated with textile effluent for I h at 37 °C in triplicates. 
Decolorization of textile effluent was determined after incubation period. 
After reaction, the immobilized enzyme was collected by centrifugation 
and stored in an assay buffer at 4 °C overnight. Next day, the similar 
experiment was repeated. This procedure was repeated successively for 
10 times. The decolorization determined for the first time was considered 
as control (100%) for the calculation of remaining percent decolorization 
after each use. 
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7.3.4. Decolorization of effluent in batch process 
The treatment of textile effluent in a stirred batch process by BGP in the 
presence of 1.0 mM HOBT for varying times at 40 °C resulted in a significant loss of 
effluent color. I-BGP could decolorize 71% effluent color within 3 h of incubation, 
while S-BGP could decolorize only 48% color of the effluent under identical 
experimental conditions (Table 25). 
7.3.5. Treatment of effluent in a two-reactor system 
The performance of the two-reactor system in terms of effluent decolorization 
has been shown in Figure 35. The effluent was quite effectively decolorized by 
immobilized enzyme present in a two-reactor system. However, I-BGP decolorized 
51% of the initial color from textile effluent even after 60 d of the operation of reactor 
(Figure 36). 
7.3.6. Spectral studies of treated effluent in reactor 
UV-visible spectra of textile effluent before and after enzymatic treatment in 
two-reactor system have been shown in Figure 37. The decrease in absorbance peaks 
in UV-visible regions with respect to the number of days of operation of the reactor 
showed remarkable variation in the absorbance at various wavelengths. 
7.4. DISCUSSION 
Most of the studies on dye decolorization have been done in a defined media 
or synthetic wastewater where a single dye or their mixtures are usually present. 
However, industrial effluents are more complex due to presence of other chemical 
substances along with colored compounds; under such conditions the treatment of 
such pollutants is a difficult problem (Ramsay and Goode, 2004). For the first time, 
an effort has been made to treat cotton textile industrial effluent by calcium alginate-
starch gel entrapped BGP. In order to make this I-BGP preparation more successfiil 
for the large-scale treatment of aromatic pollutants present in complex form in 
industrial effluents, treatment of such compounds was optimized under various 
experimental conditions by BGP. 
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Table 25: Decolorization of textile effluent in batch processes at various times 
Time 
(min) 
30 
60 
90 
120 
150 
180 
210 
240 
Effluent decolorization (%) 
S-BGP 
22.16±1.I4 
28.43±1.98 
33.45±0.67 
41.98±1.11 
48.13±0.75 
47.67±1.23 
48.22±0.99 
48.59±1.20 
I-BGP 
31.27±1.24 
39.69±1.47 
47.93±1.37 
56.32±1.57 
61.89±1.65 
71.24±1.13 
71.18±0.54 
71.67±1.11 
Textile effluent was treated by BGP (37.5 U) in 250 mL of 0.1 M sodium acetate 
buffer, pH 5.0 in the presence of 0.72 mM H2O2 and 1.0 mM HOBT at 40 °C for 
varying times. 
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Figure 35: Schematic representation of two-reactor system used for the 
decolorization and removal of colored compounds from textile 
effluent 
A column (10.0 x 2.0 cm) filled with entrapped BGP (1162 U) was 
connected to a second column containing activated silica. Textile effluent 
having O.D. approximately 0.550 was passed continuously through the 
reactor in the presence of 1.0 mM HOBT and 0.72 mM H2O2 for a period 
of 60 d at room temperature (30±2 °C). Effluent removal in two-reactor 
system was performed under similar experimental conditions as 
described in text. 
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Figure 36: Spectrophotometric monitoring of effluent decolorization by two-
reactor system 
Effluent was treated in a two-reactor system as described in text. 
Samples were taken after a gap of 10 d from the reactor and were 
analyzed spectrophotometrically at 580 nm for the loss of color from 
effluent. 
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Figure 37: Absorption spectra of textile effluent treated by I-BGP 
Industrial effluent was treated in two-reactor system as described in text 
and absorption spectra were recorded on Cintra \0e UV-visible 
spectrophotometer. The spectra in the figure are labeled. 
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To rule out the possibility of effluent decolorization due to adsorption of 
effluent on alginate-starch beads, a controlled identical reactor filled with calcium 
alginate-starch beads without I-BGP was developed under identical conditions as 
mentioned in the text for the enzyme filled reactor (Figure 35). The effluent was also 
passed through this reactor for a period of 1 month. There was no change in the color 
of the effluent after passing through this reactor. 
Thus, it is worth to mention that the effluent was found to be stable upon 
exposure to either one of them or their combined form; H2O2, enzyme, HOBT, 
calcium alginate-starch beads, silica gel. However, the textile effluent decolorization 
was a result of H2O2 dependent peroxidase catalyzed reaction in the presence of a 
redox mediator, HOBT. HOBT is an N-OH group containing aromatic compound and 
such compounds are oxidized by H2O2 mediated peroxidase, which, in turn, acts as a 
charge-transfer mediator. Oxidized HOBT helped in the oxidation of recalcitrant 
aromatic compounds present in the textile effluent. These oxidized compounds either 
get adsorbed on the adsorbent or with time changed into insoluble polymers (Akhtar 
and Husain, 2006). The prospect of using redox mediator (HOBT) is to offer 
important possibility to either indirectly increase the range of compounds that can be 
oxidized through the direct action of enzyme or to offer multiple modes of attack on a 
substrate, thereby leading to enhanced conversion of target compound (Husain and 
Husain, 2008). 
The schematic representation of enzymatic oxidation of recalcitrant substrate 
(Sub-H) by means of peroxidase and >NO-H group containing redox mediator 
(HOBT) is given below; 
H 2 0 ^ ^ ^.Peroxidase (ox)->. / - > N O - H - ^ ^^-Sub^ 
H 2 0 2 - ^ ^-Peroxidase(red)-^ ^ ^ >N0^ - ^ ^-Sub-H 
In this study, the oxidation of effluent by H2O2 with peroxidase/N-OH type 
compound (HOBT) has been described with optimal concentration of HOBT (1.0 
mM) and this concentration was too less as compared to the redox mediators used in 
previous studies (Scares et al, 2001; Fabbrini et al., 2002). Li et al. (1999) have 
reported the use of HOBT and VLA at concentrations of 10.0 mM, which caused 
significant inactivation of laccase. High concentrations of redox mediators may not be 
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appropriate for wastewater treatment processes because of their high cost, possibility 
of creating negative impacts on effluent toxicity, or on the environment upon their 
disposal into receiving waters (Kumiawati and Nicell, 2007). 
Maximum decolorization of effluent by BGP was found at pH 5.0 (Figure 32). 
This implies that the I-BGP preparation has a higher stability against the pH variation 
owing to the protection of enzyme by immobilization. However, it has been 
demonstrated that entrapment of enzymes in gel beads provided a microenvironment 
to the enzyme, which played an important role in the state of protonation of the 
protein molecules (Matto and Husain, 2006). 
The color removal efficiency of free and immobilized enzyme was enhanced 
with increasing temperature up to 40 °C (Figure 33). However, at all the indicated 
temperatures, relatively higher color removal was observed by I-BGP. Improvement 
in the thermal stability of calcium alginate-starch entrapped Con A-BGP complex 
might come from multipoint complexing of peroxidase with Con A. However, some 
earlier workers have described that the complexing of enzymes with lectins enhanced 
its thermal stability. This enhancement in thermal stability was due to several 
interactions between enzyme and Con A. These results imply that immobilization of 
peroxidase protects the enzyme from denaturation at higher temperatures (Akhtar et 
al., 2005a; Kulshrestha and Husain, 2007). 
The advantage of immobilized enzyme does not lie only in increasing the 
stability but also in its reusability. Calcium alginate-starch entrapped BGP retained 
remarkably very high effluent decolorization activity (59%) even after its 10*'' 
repeated use (Figure 34). The activity loss of the entrapped BGP preparation after its 
10^ repeated use in effluent decolorization was appreciably much lower as compared 
to acid dye removal by polyacrylamide gel entrapped HRP where after S"' repeated 
use HRP retained only 50% dye decolorization efficiency (Mohan et al., 2005). Our 
observations suggested that calcium alginate-starch entrapped BGP was more 
advantageous in removing higher percentage of color from industrial effluent. 
I-BGP could decolorize more than 70% color from the effluent within 3 h of 
incubation in a batch process (Table 25). The increase in the rate of effluent 
decolorization was insignificant after 3 h, which might be due to product inhibition. 
Thus, immobilized enzymes were more effective in decolorization of colored effluent 
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from industry as compared to soluble enzyme because they were protected against 
inactivation caused by end product of the reaction (Akhtar and Husain, 2006). 
In a two-reactor system, one of the reactor containing I-BGP and the other 
reactor filled with activated silica was operated for the continuous 
decolorization/removal of effluent. The reactor operated without operational problem 
and indicated high effluent removal efficiency (Figure 36). Our results are in 
agreement with suggestions of earlier workers that the treatment of effluent 
containing aromatic compounds resulted in the formation of free radicals, which 
could be easily removed by using an adsorbent in the second reactor (Tonegawa et al., 
2003). 
Removal of reaction product as insoluble complex was an important signal for 
the detoxification of aromatic compounds from wastewater. It has already been 
demonstrated that HRP and BGP catalyzed free-radical formation followed by 
spontaneous polymerization of a variety of aromatic compounds including phenols 
(Akhtar and Husain, 2006; Ashraf and Husain, 2009; Karim and Husain, 2009), 
chlorophenols (Tatsumi et al., 1996) and dyes (Bhunia et al., 2001; Akhtar et al., 
2005a; Matto and Hussain, 2007). 
In order to confirm the decolorization and removal of colored compounds from 
textile effluent through two-reactor system, spectral analysis became an important 
aspect to show a loss in these compounds after treatment with immobilized enzyme 
present in one of the reactor and adsorbent in the second reactor, where all the free 
radical products got adsorbed on activated carrier. The decrease in absorbance peaks 
in UV-visible region provided a strong evidence for the decolorization of aromatic 
pollutants fi-om wastewater (Figure 37). There was a complete decolorization of the 
chromophoric group and a significant reduction in the peak associated with the 
aromatic ring. The disappearance of absorption peak in the presence of HOBT in UV-
visible region was due to the formation of free radicals, which got adsorbed on the 
silica gel present in second reactor (Tonegawa et al., 2003; Akhtar and Husain, 2006). 
On the basis of above mentioned results, it has been concluded that the system 
employed here was highly suitable for use in dye decolorization. This system was 
quite sim.ple to operate; the oxidation and removal of colored pollutant via this double 
reactor could be performed without any problem. Thus it provided clear evidence 
regarding the suitability of such systems for the application of immobilized enzymes 
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at large scale for the treatment of colored industrial effluents. It has been found that 
reactor prepared with such I-BGP could be continuously operated for longer times. 
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SUMMARY 
Intensive research in the area of enzyme technology has provided many 
approaches that facilitate the practical implication of enzymes at large scale including 
clinical diagnostics, industrial applications, biosensors, analysis of environmental 
pollutants, immobilized enzymes and in the treatment of wastewaters. 
Ammonium sulfate fractionated proteins of bitter gourd were precipitated using 
jack bean extract as a source of concanavalin A. Concanavalin A-bitter gourd peroxidase 
complex retained nearly 86% of the original activity. This complex was entrapped into 
calcium alginate-pectin gel. Entrapped concanavalin A-peroxidase complex retained 51% 
of the original activity. Soluble and immobilized enzyme preparations exhibited 
maximum activity at 40 °C and pH 5.5. Concanavalin A-peroxidase complex and 
entrapped concanavalin A-enzyme complex retained greater fraction of catalytic activity 
at higher temperatures as compared to soluble enzyme. Soluble enzyme lost nearly 60% 
of its initial activity after 2 h incubation at 60 °C whereas entrapped concanavalin A-
enzyme complex retained about 75% activity under identical incubation conditions. 
Soluble and concanavalin A-enzyme complex lost nearly 50% and 40% of initial activity 
after exposure to 4.0 M urea for 2 h, respectively. However, entrapped concanavalin A-
peroxidase complex was quite resistant to urea induced inactivation and retained nearly 
80% of its initial activity under identical experimental conditions. Soluble enzyme 
retained only 23% of its original activity on exposure to dioxane (60%, v/v) while 
concanavalin A-bitter gourd peroxidase complex and entrapped concanavalin A-bitter 
gourd peroxidase retained 26% and 43% of their initial activity, respectively. Soluble 
peroxidase upon exposure to dimethylformamide (60%, v/v) resulted in a loss of 94% of 
its initial activity while concanavalin A-enzyme complex and entrapped concanavalin A-
enzyme retained 29% and 32% of original activity, respectively. Entrapped concanavalin 
A-enzyme retained 42% and 36% of its initial activity in the presence of 5.0% (v/v) 
Triton X-100 and Tween-20, respectively. These results showed that the alginate-pectin 
entrapped concanavalin A-peroxidase preparation exhibited significantly higher stability 
against physical and chemical denaturants as compared to concanavalin A-enzyme 
complex and its soluble counterpart. Thus, entrapped enzyme preparations due to their 
significantly higher stability could be exploited for developing bioreactors for the 
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treatment of aromatic pollutants present in wastewater derived from various agricultural 
and industrial activities. 
An inexpensive inorganic support, Celite 545 has been employed for the direct 
adsorption of ammonium sulphate fractionated white radish proteins. In order to prevent 
the desorption of enzyme from the support, the adsorbed preparation was crosslinked by 
0.5% glutaraldehyde for 2 h. The activity yield for white radish peroxidase adsorbed on 
Celite 545 was 70% and it was reduced to 60%) after crosslinking by glutaraldehyde. The 
pH and temperature-optimum for both soluble and immobilized peroxidase was at pH 5.5 
and 40 °C. Immobilized peroxidase retained higher stability against heat and showed 
64%) activity at 80 °C while soluble white radish peroxidase retained only 47%o activity at 
this temperature. Incubation of soluble enzyme at 60 °C for 2 h resulted in a loss of 78%) 
of its initial activity whereas immobilized peroxidase retained 44% of the original activity 
under identical incubation conditions. Crosslinked Celite 545 adsorbed peroxidase 
exhibited an enhancement in the activity of enzyme to 165%), 130%) and 124%o on 
exposure to 10%) (v/v) water-miscible organic solvents; dimethylsulfoxide, 
dimethylformamide and «-propanol for 1 h. Immobilized peroxidase retained 41%) of its 
initial activity in the presence of 5.0 mM mercuric chloride whereas the free enzyme lost 
nearly 93%) activity under identical exposure. Soluble enzyme lost 61%o of its initial 
activity while the immobilized peroxidase retained 86%) of the original activity on 
exposure to 0.02 mM sodium azide for I h. The Km values were 0.056 mM and 0.07 mM 
for free and immobilized enzyme, respectively. Adsorbed and crosslinked peroxidase 
exhibited lower Vmax as compared to the soluble enzyme. The immobilized peroxidase 
retained 60% of the original activity after a period of 40 d storage at 4 °C whereas the 
soluble enzyme exhibited only 17%) activity under identical storage conditions. After 6* 
repeated use, immobilized enzyme retained 51% of the original activity. On the basis of 
significantly higher stability offered by immobilized peroxidase against various types of 
denaturants, it can be concluded that such immobilized enzyme preparations can be used 
for the treatment of organic contaminants present in industrial effluents. 
Decolorization of water-insoluble disperse dyes; Disperse Red 17 and Disperse 
Brown 1 was performed by using salt fractionated bitter gourd proteins in the presence of 
hydrogen peroxide. Effect of nine different redox mediators; 2,4-dichlorophenol, 
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bromophenol, guaiacol, 1-hydroxybenzotriazole, m-cresol, quinol, syringaldehyde, 
violuric acid and vanillin on decolorization of disperse dyes by bitter gourd peroxidase 
has been investigated. Among the redox mediators, 1 -hydroxybenzotriazole was found to 
be the most effective mediator in decolorization of these dyes by peroxidase. Bitter gourd 
peroxidase (0.36 U mL"') could decolorize Disperse Red 17 maximally 90% in the 
presence of 0.1 mM 1-hydroxybenzotriazole while Disperse Brown 1 was decolorized to 
65% in the presence of 0.2 mM 1-hydroxybenzotriazole. Maximum decolorization of 
dyes was obtained in the presence of 0.75 mM hydrogen peroxide within 1 h of 
incubation at pH 3.0 and temperature 40 °C. Disperse Red 17 and Disperse Brown 1 dyes 
were decolorized to 90% and 65% within 1 h in batch process, respectively. The 
applications of such enzyme plus redox mediator systems may be extendable to other 
recalcitrant and water insoluble synthetic dyes using novel redox mediators and 
peroxidases from new and cheaper sources. 
Celite 545 adsorbed white radish peroxidase has been employed for the treatment 
of reactive dyes; Reactive Red 120 and Reactive Blue 171. A comparative study on 
decolorization of these dyes by soluble and immobilized peroxidase was made. 
Maximum decolorization of the dyes was observed in the presence of 0.4 U mL~' of 
soluble and immobilized enzyme. Effect of different redox mediators; 1-
hydroxybenzotriazole, syringaldehyde, veratryl alcohol and violuric acid on the 
peroxidase catalyzed decolorization of reactive dyes has been investigated. The studied 
dyes were decolorized to different extents in the presence of these mediators. However, 
0.4 mM I-hydroxybenzotriazole was found to be most effective in decolorizing Reactive 
Red 120 to 66% and 79% while Reactive Blue 171 was decolorized to 60% and 74% by 
soluble and immobilized peroxidase, respectively. Maximum decolorization of the dyes 
was observed at pH 5.0 and 40 °C within 1 h. Comparative operational stability of 
soluble and immobilized peroxidase was examined in the presence of various denaturing 
and inhibiting agents. Decolorization catalyzed by immobilized enzyme was more 
resistant to inactivation caused by 5.0 mM mercuric chloride; decolorization observed for 
Reactive Red 120 was 74% and 57% for Reactive Blue 171. White radish peroxidase 
exhibited significantly higher affinity for Reactive Red 120 among the investigated dyes. 
Toxicity of the dyes and decolorized product was tested by Allium cepa test. Immobilized 
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peroxidase decolorized dyes more effectively in batch process; decolorization by 
immobilized white radish peroxidase was continuously increased up to 120 min and it 
reached to 89% for Reactive Red 120 and 81% for Reactive Blue 171. Absorption spectra 
of treated and untreated dye solutions had a marked difference. Efficiency of 
immobilized peroxidase was checked in a continuous reactor system where the 
immobilized enzyme exhibited 73% decolorization of Reactive Red 120 after 1 month of 
continuous reactor operation. On the basis of these findings, it can be concluded that 
immobilized white radish peroxidase has more potential in the decolorization of dyes in 
the presence of sodium azide, mercuric chloride and organic solvents. Immobilized 
peroxidase was better suited for the decolorization and removal of colored pollutants 
from dye solutions in batch process as well as in a continuous reactor. The enzymatic 
decolorization of reactive dyes in a continuous system has very rarely been studied. 
These observations thus pointed out the novelty of the results obtained in this area. Hence 
a reasonable basis is provided for the large scale application of white radish peroxidase 
for the treatment of textile effluents owing to its easy availability, inexpensive nature and 
efficiency at low concentrations. 
Calcium-alginate pectin entrapped bitter gourd peroxidase has been employed for 
the treatment of disperse dyes; Disperse Brown 1 and Disperse Red 17. Peroxidase alone 
was unable to decolorize Disperse Red 17 and Disperse Brown 1. However, the 
investigated dyes were decolorized significantly by bitter gourd peroxidase in the 
presence of 0.2 mM redox mediator, violuric acid. Maximum decolorization of the dyes 
was observed at pH 3.0 and 40 °C within 2 h of incubation. Immobilized peroxidase 
decolorized Disperse Red 17 98% and Disperse Brown 1 71% in batch processes in 90 
min. Immobilized enzyme decolorized 85% Disperse Red 17 and 51% Disperse Brown 1 
whereas decolorization by soluble enzyme dropped to 48% for Disperse Red 17 and 30% 
for Disperse Brown 1 at 60 °C. Bitter gourd peroxidase exhibited significantly higher 
affinity for Disperse Red 17 as compared to Disperse Brown 1. It has been shown by 
fourier transform infrared and ultraviolet-visible spectral analyses that the investigated 
dyes were degraded after treatment by peroxidase. Toxicity of treated samples was tested 
hy Allium cepa test. There was a remarkable decrease in the peaks of treated dyes in both 
ultraviolet and visible regions as compared to control dyes. On the basis of these findings, 
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it can be concluded that immobilized peroxidase from bitter gourd has more potential in 
the decolorization of dyes even at higher temperatures. Entrapped peroxidase was better 
suited for the decolorization/removal of colored compounds from dye solutions in batch 
processes. 
Calcium alginate-starch entrapped bitter gourd peroxidase was used for the 
treatment of a textile industrial effluent in batch as well as in continuous reactor. 
The textile effluent was recalcitrant to decolorization by bitter gourd peroxidase 
and thus its decolorization was examined in the presence of a redox mediator, 1-
hydroxybenzotriazole. Immobilized enzyme exhibited the same pH and temperature-
optima for effluent decolorization as attained by soluble enzyme. Immobilized enzyme 
could effectively remove more than 70% effluent color in a stirred batch process after 3 h 
of incubation. Entrapped enzyme retained 59% effluent decolorization reusability after its 
10* repeated use. The two-reactor system containing calcium alginate-starch entrapped 
enzyme retained more than 50% textile effluent decolorization efficiency even after 2 
months of its continuous operation. The absorption spectra of the treated effluent 
exhibited a marked difference in the absorption at various wavelengths as compared to 
untreated effluent. The use of a two-reactor system containing immobilized enzyme and 
an adsorbent will significantly be useful for the treatment of industrial effluents at large 
scale and it would be helpful in cleaning polluted water. Thus, it could be concluded that 
the system employed here was highly suitable for use in dye decolorization. This system 
was quite simple to operate; the oxidation and removal of colored pollutant via this 
double reactor could be performed without any problem and the reactor prepared with 
such immobilized enzyme preparation could be continuously operated for longer 
duration. Henceforth, it provided a clear evidence regarding the suitability of such 
systems for application of immobilized enzymes at large scale for the treatment of water 
polluted with colored industrial effluents. 
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Studies on calcium alginate-pectin gel entrapped concanavalin A-bitter gourd 
(Momordica charantia) peroxidase complex 
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Ammonium sulfate fractionated proteins of bitter gourd (Momordica charantia) were precipitated using jack bean 
extract as a source of concanavalin A. Concanavalin A-bitter gourd peroxidase retained nearly 86% original activity. This 
complex was entrapped into calcium alginate-pectin gel. Entrapped concanavalin A-peroxidase complex retained 51% 
original activity. Soluble and immobilized peroxidase preparations exhibited maximum activity at 40°C and pH 5.5. 
Concanavalin A-peroxidase complex and entrapped concanavalin A-enzyme complex retained greater fraction of catalytic 
activity at higher temperatures as compared to soluble form and also showed more broadening in pH-activity profiles, 
indicating a marked increase in stability. Concanavalin A-bitter gourd peroxidase and calcium alginate-pectin entrapped 
concanavalin A-bitter gourd peroxidase preparations were more stable as compared to soluble counterpart against denaturation 
induced by heat, pH, urea, organic solvents and detergents. 
Key words: Alginate, Bitter gourd, Concanavalin A, Entrapped, Pectin, Peroxidase 
Introduction 
Peroxidases (E.G. 1.11.1.7.) are ubiquitous heme 
containing oxidoreductases, which utilize hydrogen 
peroxide (H^O )^ for oxidation of a wide range of 
substrates'. Apart from biological role, peroxidases have 
been found effective in analytical, clinical, 
biotechnological, industrial and environmental 
applications '" . Peroxidases are being used in 
detoxification, decolorization and removal of various 
organic contaminants from polluted water/industrial 
effluents"''. 
However, use of soluble enzymes is limited due to 
end-product inhibition, high cost, instability, non-
reusability and difficult recovery*. Intensive research 
in enzyme technology has provided approaches that 
facilitate their practical application at large scale 
including biosensors' and immobilized enzymes'-**. 
There are reports''" about leakage of enzymes entrapped 
into porous polymeric matrices. A number of attempts 
have been made to increase the molecular dimensions 
of enzymes prior to their entrapment. The leakage could 
be avoided by entrapping cross-linked or pre-
* Author for correspondence 
Tel: 91-571-2700741; Fax: 91-571-2721776 
E-maii: qayyumhusain@yahoo.co.in; qayyum.husain@amu.ac.in 
immobilized enzyme preparations"'^ Immobilization of 
enzymes through their amino acid side chain groups 
sometimes results in the loss of enzyme activity. 
However, an alternative strategy has been suggested for 
immobilization of glycoenzymes via their glycosyl 
moieties. Since carbohydrate parts of enzymes do not 
participate in catalysis, therefore, immobilization of such 
enzymes via glycosyl moieties is quite safe. Lectins, 
carbohydrate-binding proteins, interact specifically with 
glycoproteins/glycoenzymes. Glycoenzymes have been 
successfully immobilized on concanavalin A (Gon A) 
bound supports or immobilized as Con A-glycoenzyme 
complexes''"". 
This study presents an inexpensive, simple and high 
yield procedure for immobilization of glycosylated bitter 
gourd (Momordica charantia L.) peroxidase (BGP). 
Insoluble Con A-BGP complex, prepared by salt 
fractionated bitter gourd proteins and jack bean extract, 
was entrapped into calcium alginate-pectin beads. In a 
comparative stability study of soluble BGP, Con A-BGP 
complex and entrapped Con A-BGP, calcium alginate-
pectin entrapped Con A-BGP preparation exhibited a high 
yield of immobilization and stabilization against various 
forms of denaturation. 
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Materials and Methods 
Materials 
Sodium alginate was the product of Koch-Light Lab 
(Colnbrook, UK). Bovine serum albumin and 
o-dianisidine HCl were obtained from Sigma Chemical 
Co. (St Louis, MO) USA. Jack bean meal was 
purchased from DIFCO, Detroit, USA. Dioxane, 
dimethyl formamide (DMF) and pectin were obtained 
from SRL Chemicals, Mumbai, India. Bitter gourd was 
purchased from local vegetable market. Other chemicals 
and reagents were of analytical grade and used as such. 
Methods 
Ammonium Sulphate Fractionation of Bitter Gourd Proteins 
Bitter gourd (250 g) was homogenized in 500 ml of 
0.1 M sodium acetate buffer (pH 5.5). Homogenate was 
filtered through four-layers of cheesecloth. Filtrate was 
then centrifuged at the speed of 10,000 x ^  on a Remi 
C-24 cooling centrifuge for 20 min at 4°C. The clear 
solution thus obtained was subjected to salt 
fractionation by adding 0-80% (w/v) (NH )^2S0^ The 
mixture was continuously stirred overnight at 4°C for 
complete precipitation of proteins. The precipitates 
were collected by centrifugation at 10,0(X) x ^  on a Remi 
C-24 cooling centrifuge in 0.1 M sodium acetate buffer 
(pH 5.5) and dialyzed against assay buffers :'*. This 
enzyme preparation was stored for further use. 
Preparation of Jack Bean Extract 
Jack bean extract was prepared by adding jack bean 
meal (10 g) to 1(X) ml sodium phosphate buffer (pH 
6.2). The mixture was kept overnight on a magnetic 
stirrer at room temperature. The clear jack bean extract 
obtained after centrifugation at 3000 x g for 10 min 
was used for precipitation of peroxidases from 
ammonium sulphate fractionated bitter gourd proteins. 
Preparation of Insoluble Con A-BGP Complex 
To a series of tubes, constant amount of peroxidase 
(1200 U) was mixed with increasing concentration (0.1-
1.0 ml) of 10% jack bean extract. Final volume of each 
tube was adjusted to 2.0 ml with 0.1 M sodium 
phosphate buffer (pH 6.2). The reaction mixtures were 
incubated overnight at 37°C. The precipitates were 
collected after centrifugation at 3000 x ^  for 15 min at 
room temperature and were washed again with same 
buffer. Finally, precipitates were suspended in 2.0 ml 
assay buffer. Each precipitate was analyzed for enzyme 
activity. The precipitate (Con A-peroxidase complex) 
exhibiting maximum activity was taken for further 
studies. 
Entrapment of Con A-BGP Complex in Calcium Alginate-Pectin 
Beads 
Con A-peroxidase complex (1350 U) was mixed with 
sodium alginate (2.5%) and pectin (2.5%) in 10 ml of 0.1 
M sodium acetate buffer (pH 5.5). The mixture was slowly 
extruded as droplets through a 5.0 ml syringe with 
attached needle No. 20 into 0.2 M calcium chloride 
solution to form alginate-pectin beads. Beads were further 
gently stirred for 2 h in calcium chloride solution'", 
washed and stored in 0.1 M sodium acetate buffer 
(pH 5.5) at 4 °C for further use. 
Peroxidase Activity—Measurement and Effect of Enzyme Loading 
Peroxidase activity was determined by a change in 
optical density (A^^ nm) at 37°C by measuring initial 
rate of oxidation of 6.0 mM o-dianisidine HCl in presence 
of 18.0 mM HjOj in 0.1 M sodium acetate buffer (pH 
5.5) for 15 min'\ Immobilized enzyme preparation was 
continuously agitated for entire duration of assay, which 
was highly reproducible with immobihzed preparation. 
One unit (1.0 U) of enzyme activity is the amount of 
enzyme protein that catalyzes oxidation of 1.0 .^ mole of 
o-dianisidine HCl per min at 37°C into colored product 
(e^P%30, 000/M/l). 
To a series of tubes, increasing concentration of 
enzyme (125-1000 U) was mixed to calcium alginate-
pectin gel. Expression of loaded enzyme was monitored 
by assaying the activity. 
Protein Estimation 
Proteins concentration using BSA as standard was 
estimated by reported procedure'^ 
Effect of Temperature andpH on Soluble and Immobilized BGP 
Soluble BGP, Con A-BGP complex and calcium 
alginate-pectin entrapped Con A-BGP complex (1.40 U) 
were incubated at 60 °C in 0.1 M sodium acetate buffer 
(pH 5.5) for varying times. Aliquots of each preparation 
were removed at indicated time intervals and activity was 
measured. The activity obtained without incubation at 
60°C was taken as control (100%). Enzyme activity of 
soluble, Con A-BGP complex and calcium alginate-pectin 
entrapped Con A-BGP were measured at varying 
temperatures (30-80°C) in 0.1 M sodium acetate buffer 
(pH 5.5) for 15 min. 
Activity of soluble BGP, Con A-BGP complex and 
calcium alginate-pectin entrapped Con A-BGP complex 
(1.40 U) was measured in buffers (0.1 M each) of varying 
pH (3-10). 
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Effect of Urea, Organic Solvents and Detergents on Soluble and 
Immobilized BGP 
Soluble BGP, Con A-BGP complex and calcium 
alginate-pectin entrapped Con A-BGP preparations 
(1.40 U) w.ere incubated in 4.0 M urea dissolved in 
0.1 M sodium acetate buffer (pH 5.5). Aliquots were 
removed at various time intervals and activity was 
determined. Soluble BGP, Con A-BGP complex and 
calcium alginate-pectin entrapped Con A-BGP (1.40 U) 
were incubated with 10-60% (v/v) of water-miscible 
organic solvents; dioxane and DMF prepared in 0.1 M 
sodium acetate buffer (pH 5.5) at 37°C for 1 h. Soluble 
and immobilized BGP (1.40 U) were incubated with 
increasing concentrations of non-ionic detergents; Triton 
X-100 and Tween-20 (0.5-5.0%, v/v) prepared in 0.1 M 
sodium acetate buffer (pH 5.5) at 37°C for 1 h. 
Enzyme activity was monitored at all the indicated 
detergent concentrations'*. Activity of enzyme without 
exposure to urea, organic solvents and detergent was 
taken as control (100%). 
Statistical Analysis 
Each value represents the mean for three-independent 
experiments performed in duplicates, with average 
standard deviation <5%. The data expressed in various 
studies was plotted using Sigma Plot-10.0 and expressed 
as mean with standard deviation of error (±). Data was 
analyzed by one-way ANOVA. P-values <0.05 were 
considered statistically significant. 
Results and Discussion 
Very few procedures meet requirements of enzyme 
immobilization directly from crude homogenate". 
Calcium alginate mediated entrapment has attracted 
much attention in detoxification of phenolic compounds 
present in industrial effluents"'*'*. 
Partial Purification of BGP 
Crude extract of bitter gourd exhibited initial specific 
activity, 88 U/g of the vegetable. Peroxidase was partially 
purified by ammonium sulphate precipitation and 
specific activity of preparation was increased 3.5 fold 
over crude enzyme. This enzyme preparation was used 
for direct immobilization as Con A-enzyme complex. 
Preparation of Insoluble Con A-BGP Complex 
Major peroxidases from bitter gourd are 
glycosylated '^. Soluble enzymes could be leached out 
jf beads on long standing or use^°-^°. To prevent leaching 
of enzymes out of porous gel beads, insoluble Con A-
BGP complex was prepared by using jack bean extract 
and salt fractionated BGP proteins, which was 
subsequently entrapped into calcium alginate-pectin gel. 
Maximum precipitation of peroxidase activity using 0.4 
ml of 10% jack bean extract was 86% (Table 1). Con A-
BGP complex was entrapped into calcium alginate-
pectin gel and it resulted in further loss of peroxidase 
activity. 
Entrapment of Con A-BGP Complex in Calcium Alginate-
Pectin Beads 
Immobilization by means of entrapment is a very rapid 
and simple technique. Cross-linked enzymes or pre-
immobilized enzymes that could remain inside polymeric 
matrices for longer duration than soluble enzymes 
provide higher mechanical and operational stability to 
enzymes'"'^. It suggested that enzymes with high 
molecular mass could stay for longer period inside 
polymeric matrix. Pre-immobilization increases 
molecular dimensioning of the enzyme and thus prevents 
its leaching from alginate beads'". Entrapped Con A-
peroxidase complex retained 51% original activity 
(Table 1). 
Effect of enzyme loading on entrapped activity was 
evaluated by entrapping increasing concentration of 
enzyme. Optimum concentration (500 U/ml) was 
sufficient for maximum expression of peroxidase activity 
by entrapped preparation. 
EfTect of Temperature and pH on Soluble and Immobilized 
BGP 
Soluble and immobilized peroxidase preparations 
showed maximum activity at 40°C (Fig. 1). However, 
Con A-BGP and entrapped Con A-BGP complex retained 
greater fraction of catalytic activity at higher 
temperatures as compared to its soluble counterpart. 
Soluble BGP lost nearly 60% of its initial activity after 
2 h incubation at 60°C whereas entrapped Con A-BGP 
preparation retained about 75% original activity under 
identical incubation conditions (Fig. 2). These 
observations show that resistance of enzyme to high 
temperatures was greatly increased by immobilization. 
Calcium alginate-pectin entrapped Con A-peroxidase 
complex retained its structure and remarkably high 
activity at elevated temperatures. Therefore, such 
enzyme preparation could be exploited at relatively high 
temperatures. Improvement in thermal stability of 
calcium alginate-pectin entrapped Con A-BGP 
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Table 1—Immobilization of BGP by using Con A and 
calcium alginate-pectin gel 
Type of immobilization Original activity 
Con A-peroxidase complex 100 
Calcium alginate-pectin gel 100 
entrapped Con A-peroxidase 
Expressed 
activity 
% 
86 
51 
Each value represents the mean for three independent 
experiments performed in duplicates, with average standard 
deviation < 5%. 
preparation may come from multipoint attachment of 
peroxidases with Con A. This enhancement in thermal 
stability is due to formation of several linkages between 
enzyme and support'-''^ '. 
Effect of pH on activity of soluble BGP, Con A-BGP 
and entrapped Con A-BGP was evaluated by incubating 
these preparations in the buffers of varying pH values 
(3.0-10.0). pH 5.5 was optimum in all enzyme 
preparations (Fig. 3). However, immobilized BGP 
preparations showed significant broadening in pH 
activity profiles indicating a marked increase in stability. 
100 
40 
20 
Soluble BGP 
Coo A-BGP 
Entrapped BGP 
100 
20 30 40 50 60 
Teniperatuie,°C 
70 
20 
Soluble BGP 
Con A-BGP 
EntiappedBCP 
to 
pH 
Fig. 1 — Temperature-activity profiles of soluble and 
immobilized BGP Fig. 3—pH-activity profiles of soluble and immobilized BGP 
preparations 
20 
Soluble BGP 
CooA-BQP 
Bntmpped BGP 
i 
30 45 60 75 
Tune, min 
90 105 
105 120 
Fig. 2 — Thermal denaturation of soluble and 
immobilized BGP 
Fig. 4—Effect of urea on soluble and immobilized BGP 
preparations 
SATAR et al: IMMOBILIZATION OF GLYCOSYLATED BITTER GOURD PEROXIDASE 613 
Table 2—Effect of organic solvents on soluble and immobilized BGP 
Remaining activity, % 
Organic 
solvent 
%, v/v 
10 
20 
30 
40 
50 
60 
Soluble BGP 
58.65±1.36 
50.12±2.23 
48.24±1.45 
38.67±1.67 
33.11±2.07 
22.98±2.66 
Dioxane 
ConA-BGP 
complex 
81.79*±1.56 
73.67*±1.11 
63.10*±2.23 
54.23*±1.98 
43.69*±1.23 
25.92*±1.16 
Entrapped Con 
A-BGP 
94.76*±1.21 
84.12*±1.34 
65.97*±0.97 
62.78*±1.11 
51.22*±1.23 
42.94*±1.23 
Soluble BGP 
54.67±1.43 
52.68±2.11 
52.22±1.68 
44.17±1.47 
23.92±1.23 
6.24±1.99 
DMF 
Con A-BGP 
complex 
68.82'±J.78 
66.25'±1.43 
62.79'±2.12 
57.94'±1.78 
43.24'±1.32 
28.22*±0.98 
Entrapped Con A-
BGP 
92.79'±0.97 
85.25'±1.12 
77.89'±0.89 
64.79«±1.32 
46.98«±1.24 
32.24'±1.76 
Effect of various concentrations of organic solvents on soluble and immobilized BGP was analyzed by one-way ANOVA* and 'denotes 
that values (P<0.05) were statistically significant when Con A-BGP complex and entrapped Con A-BGP were compared with soluble 
BGP, with respect to dioxane and DMF, respectively. 
Detergent 
%, v/v 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
Soluble BGP 
64.69±1.23 
44.24±1.76 
40.65+2.14 
36.28±1.98 
32.13±1.67 
30.68±2.23 
30.27±2.42 
28.22±2.76 
26.14±1.77 
23.23±0].47 
Table 3—Effect of detergents on soluble and immobilized BGP 
Triton X-100 
Con A-BGP 
complex 
87.34*±1.56 
67.87*±2.16 
61.32*±1.45 
52.12*±1.89 
49.78*±2.56 
42.12*±2.15 
39.33*±1.57 
36.24*±1.37 
35.21*±2.14 
30.8I*±1.98 
Remaining activity, % 
Entrapped Con 
A-BGP 
92.24*±1.32 
83.97*±1.26 
74.79*±2.43 
73.36*±1.96 
71.24*±2.11 
66.85*±2.23 
55.79*±2.16 
54.21*±1.86 
52.11*±1.76 
42.16*±1.I1 
Soluble BGP 
65.23±1.24 
54.98±1.67 
44.75±2.56 
42.24±2.I8 
38.96±2.11 
36.32±1.23 
33.22±1.97 
3I.25±1.23 
28.69±1.65 
25.87±1.45 
Tween-20 
Con A-BGP 
complex 
86.78'±1.45 
68.24'±1.67 
57.89'±2.12 
43.79'±2.24 
43.34«±1.68 
40.21»+1.57 
38.24'±1.83 
35.79*±2.43 
33.68'±1,33 
33.12'±1.36 
Entrapped Con 
A-BGP 
99.89'+1.32 
74.23'±2.13 
65.89'±1.68 
57.91'±l.54 
49.24'±2.16 
42.11'±1.88 
39.97'±1.76 
39.11'±1.45 
37.43'±2.25 
35.69'±2.14 
Effect of various concentrations of detergents on soluble and immobilized BGP was analyzed by one-way ANOVA* and 'denotes that 
values' (/'<0.05) were statistically significant when Con A-BGP complex and entrapped Con A-BGP were compared with soluble BGP, 
with respect to Triton X-100 and Tween-20, respectively. 
Broadening in pH-activity profiles remarkably increased 
in case of entrapped Con A-BGP followed by Con A-
BGP complex, predicting that entrapment of enzymes 
in gel beads provide a microenvironment for enzyme, 
which may play an important role in the state of 
protonation of protein molecules'". Formation of Con 
A-peroxidase complex confers additional resistance to 
enzyme against extreme conditions of pH'" l 
EfTect of Urea on Soluble and Immobilized BGP 
Soluble and immobilized BGP preparations were 
incubated with 4.0 M urea for varying times. Soluble 
BGP and Con A-BGP complex lost nearly 50% and 40% 
of initial activity, respectively. However, entrapped Con 
A-BGP preparation was quite resistant to urea induced 
inactivation and retained nearly 80% of its initial activity 
even after 2 h incubation (Fig. 4). Urea (4.0 M) is a 
strong denaturant of some proteins and it irreversibly 
denatures BGP"'-^\ However, action mechanism of urea 
on protein structure has not yet been completely 
understood, several earlier findings have suggested that 
protein could be unfolded by direct interaction of urea 
molecule with a peptide backbone via hydrogen bonding 
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and/or hydrophobic interaction, which contributes to 
maintenance of protein conformation '^'. Complexing of 
glycoenzymes with Con A also reported'"'* in an 
enhancement of their resistance to denaturation mediated 
by urea. Thus, these observations indicate that 
entrapment protected Con A-peroxidase complex from 
urea induced inactivation. 
Effect of Organic Solvents on Soluble and Immobilized BGP 
Effect of increasing concentrations of dioxane (10-
60%, v/v) on the activity of soluble and immobilized 
BGP was observed. On exposure to dioxane (60%, v/v), 
soluble enzyme retained only 23% of its original activity 
while Con A-BGP complex and entrapped Con A-BGP 
retained nearly 26% and 43% of their initial activity, 
respectively. Incubation of soluble and immobilized BGP 
with increasing concentrations of DMF (10-60%, v/v) 
resulted in decreasing the enzyme activity. On exposure 
to DMF (60%, v/v) for 2 h, soluble BGP lost nearly 
94% of its initial activity while Con A-BGP complex 
and entrapped Con A-BGP retained nearly 29% and 32% 
of original activity, respectively (Table 2). These 
observations showed that entrapped Con A-BGP 
complex retained remarkably high stabilization against 
inactivation caused by dioxane and DMF as compared 
to soluble BGP and Con A-BGP complex. Earlier 
reports'* also suggested that bioaffinity bound enzymes 
were significantly more stable against exposure to water 
miscible organic solvents. 
Effect of Detergents on Soluble and Immobilized BGP 
Wastewater from various elimination sites also 
includes several types of denaturants, including 
detergents that can strongly denature enzymes used for 
treatment of polluted wastewater. Soluble and 
immobilized BGP were treated with increasing 
concentrations of Triton X-100 and Tween-20 for 1 h at 
37°C. Entrapped Con A-BGP retained 42% and 36% of 
its initial activity in the presence of 5.0% (v/v) Triton 
X-100 and Tween-20, respectively. However, soluble 
BGP exhibited only 23% and 26% of initial activity in 
presence of 5.0% Triton X-100 and Tween-20, 
respectively (Table 3). Thus, entrapped Con A-BGP 
complex was markedly more stable to inactivation 
induced by detergents (Triton X-100 and Tween-20). 
Entrapped Con A-BGP could work quite efficiently in 
presence of contaminants like soaps and detergents. 
Immobilized peroxidases are reported"*'* significantly 
stabilized against denaturation induced by some house 
hold detergents. 
Conclusions 
Calcium alginate-pectin entrapped Con A-BGP 
preparation exhibits significantly higher stability against 
various physical and chemical denaturants compared to 
soluble BGP and Con A-BGP complex. Thus, 
immobilized BGP preparations could be exploited for 
developing bioreactors for the treatment of phenolic and 
other aromatic pollutants present in agro-industrial 
wastewaters. 
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Research Article 
Adsorption of peroxidase on Celite 545 directly from ammonium 
sulfate fractionated white radish (Raphanus sativus) proteins 
Rukhsana Satar and Qayyum Husain 
Department of Biochemistry, Faculty of Life Sciences, Aligarh Muslim University, Aligarh, UP, India 
This paper demonstrates the direct immobilization of peroxidase from ammonium sulfate frac-
tionated white radish proteins on an inorganic support, Celite 545. The adsorbed peroxidase was 
crosslinked by using glutaraldehyde. The activity yield for white radish peroxidase was adsorbed 
on Celite 545 was 70% and this activity was decreased and remained 60% of the initial activity af-
ter crosslinking by glutaraldehyde. The pH and temperature-optima for both soluble and immobi-
lized peroxidase was at pH 5.5 and 40°C. Immobilized peroxidase retained higher stability against 
heat and water-miscible organic solvents. In the presence of 5.0 mM mercuric chloride, immobi-
lized white radish peroxidase retained 41% of its initial activity while the free enzyme lost 93% ac-
tivity. Soluble enzyme lost 61% of its initial activity while immobilized peroxidase retained 86% of 
the original activity when exposed to 0.02 mM sodium azide for 1 h. The K^ values were 0.056 and 
0.07 mM for free and immobilized enzyme, respectively. Immobilized white radish peroxidase ex-
hibited lower V^j^ as compared to the soluble enzyme. Immobilized peroxidase preparation 
showed better storage stability as compared to its soluble counterpart. 
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1 Introduction 
Enzymatic treatment of industrial pollutants has 
attracted much attention due to the potential of en-
zymes to remove pollutants from wastewater with-
out creating harsh side effects which are associat-
ed with many other conventionally used proce-
dures [1,2]. Enzymes have already been employed 
for the transformation of toxic compounds of in-
dustrial origin to preserve the quality of water 
[3-5]. Soluble enzymes have some inherent limita-
tions such as reusability stabihty, and use in con-
tinuous reactors [6]. Thus, it is the need of time to 
use enzymes in an immobilized or insolubilized 
Correspondence: Professor Qayyum Husain, Department of Biochemistry, 
Faculty of Life Sciences, Aligarh Muslim University, Aligarh (202002), UP, 
India 
E-mail: qayyumhusain(g)yahoo.co.in, qayyumbio@rediffmail.com 
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Abbreviations: DMF, dimethylformamide; DMSO, dimetylsulfoxlde; l-WRP, 
immobilized WRP, S-WRP, soluble WRP;'WRP, white radish peroxidase 
form so as to retain them in biochemical reactors to 
further catalyze the subsequent feed and offer 
more economical exploitation of biocatalysts in in-
dustry; waste treatment and in the development of 
bioprocess monitoring devices like biosensors [7, 
8]. Peroxidases from different sources have been 
immobilized by various methods so far. However, 
most of these methods employ either commercial-
ly available enzymes or expensive supports. Re-
ducing the unit cost and increasing production per 
fixed time using cheaper immobilization supports 
is a driving concern for industrial scale enzymatic 
treatment processes [9,10]. 
Adsorption of enzymes on particulate carriers is 
one of the most cost-effective and simple immobi-
lization techniques. This can be accomplished by 
equilibrating an enzyme solution with the support 
followed by washing of the enzyme preparation 
[11]. Wide applicability and a practical convenience 
of simple regeneration of support by removing the 
deactivated enzyme and reloading the support with 
fresh batch of active catalyst are the benefits of-
fered by physical adsorption [12]. Celite, an inor-
408 © 2009 Wiley-VCH Verlag GmbH & Co. KCaA, Weinheim 
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ganic microporous support, is inexpensive and 
suitable for the immobilization of both purified and 
partially purified preparations of enzymes owing to 
its desirable physical properties [13-15]. Immobi-
lization via covalent binding is beneficial when bi-
functional reagents, such as carbodiimide and glu-
taraldehyde, are used [16-18]. Modified Celite has 
already been used by several other w^orkers for the 
immobilization of enzymes [19,20]. 
In this stud)^ an attempt has been made to ob-
tain an inexpensive immobilized peroxidase 
preparation by direct adsorption of partially puri-
fied proteins from white radish on Cehte 545 fol-
lowed by crosslinking by glutaraldehyde. The sta-
bility of soluble and immobilized white radish per-
oxidase (WRP) has been compared against heat, 
water-miscible organic solvents, inhibitors, and 
heavy metals. Reusabihty and storage stability of 
immobilized WRP (I-WRP) were also investigated. 
2 Materials and methods 
2.1 Materials 
Celite 545 (20-45 li mesh) was obtained from Serva 
Labs. (Heidelberg, Germany). BSA and o-diani-
sidine HCl were obtained from Sigma Chem. (St. 
Louis, MO, USA). Dimethylformamide (DMF), di-
methylsulfoxide (DMSO), n-propanol, and ammo-
nium sulfate were obtained from SRL Chemicals 
(Mumbai, India). White radish was purchased from 
local vegetable market. Other chemicals and 
reagents employed were of analytical grade and 
used without any further purification. 
2.2 Ammonium sulfate fractionation of white 
radish proteins 
White radish (250 g) was homogenized m 500 mL of 
50 mM sodium acetate buffer, pH 5.5. Homogenate 
was filtered through four layers of cheesecloth. Fil-
trate was then centrifuged at 10 000 x g on a Remi 
C-24 Cooling Centrifuge for 20 min at 4°C.The clear 
solution thus obtained was subjected to salt frac-
tionation by adding 10-90% w/v (NH4)2S04 [10]. 
The mixture was continuously stirred overnight at 
4°C for complete precipitation of proteins. The pre-
cipitates were collected by centrifugation at 
10 000 X g on a Remi C-24 Cooling Centrifuge in 
50 mM sodium acetate buffer, pH 5.5, and dialyzed 
against the assay buffer. This enzyme preparation 
was stored for further use. 
2.3 Immobilization of WRP on Celite 545 
Celite 545 (3 g) was suspended in 50 mL of distilled 
water and stirred for 1 h at room temperature. The 
fine particles present in the suspension were re-
moved by decantation and this procedure was re-
peated at least thrice [14]. The binding of soluble 
WRP (S-WRP) on Celite 545 was carried out by 
overnight incubation of 1020 U of WRP/g of Celite 
545 at 4^ . WRP adsorbed on Celite 545 was then 
crossUnked by 0.5% glutaraldehyde for 2 h at 4°C. 
Glutaraldehyde crosslinked WRP (I-WEP) was fi-
nally suspended in 15 mL of 50 mM sodium acetate 
buffer, pH 5.5, and stored at 4°C for further use. 
2.4 Measurement of peroxidase activity and protein 
estimation 
Peroxidase activity was determined by monitoring 
the change in OD (A^ g^ nm) at 37°C by measuring 
initial rate of oxidation of 6.0 mM o - dianisidine HCl 
in the presence of 18.0 mM H2O2 in 50 mM sodium 
acetate buffer, pH 5.5, in a reaction volume of 
3.0 mL for 15 min. Immobilized enzyme prepara-
tion was continuously agitated for the entire dura-
tion of assay. The assay was highly reproducible 
with immobilized enzyme preparation. 
One unit (1.0 U) of peroxidase activity was de-
fined as the amount of enzyme protein that cat-
alyzes the oxidation of 1.0 \i mole of o-dianisidine 
HCl per min at 37°C into colored product (e^ , at 
460nm = 30 000M/L). 
Protein concentration was estimated according 
to the procedure described by Lowry et al. [21]. BSA 
was used as a standard protein. 
2.5 Effect of pH and temperature on soluble and 
immobilized WRP 
Activity of soluble and I-WRP (0.9 U) was meas-
ured in the buffers of varying pH (3.0-10.0). The 
buffers used were glycine-HCl (pH 2.0 and 3.0), 
sodium acetate (pH 4.0 and 5.0), sodium phosphate 
(pH 6.0-8.0), and Tris-HCl (pH 9.0 and 10.0). The 
molarity of each buffer was 50 mM. 
The activity of soluble and I-WRP was meas-
ured at varying temperatures (30-80°C) in 50 mM 
sodium acetate buffer, pH 5.5 for 15 min. 
In another set of experiment, soluble and I-
WRP (0.9 U) were independently incubated at 60°C 
in 50 mM sodium acetate buffer, pH 5.5, for varying 
times. Aliquots of each preparation were removed 
at indicated time intervals and activity was meas-
ured. The activity obtained without incubation at 
60°C was taken as control (100%) for the calculation 
of percent activity 
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2.6 Effect of organic solvents on soluble and 
immobilized WRP 
culation of remaining percent activity after each 
use 
Soluble and I-WRP (0 9 U) were independently in-
cubated with 10-60% v/v of water-miscible organic 
solvents, DMF, DMSO, and n-propanol m 50 mM 
sodium acetate buffer, pH 5 5 at 37°C for 1 h Per-
oxidase activity was determined at all the indicated 
organic solvent concentrations The activity of en-
zyme without exposure to organic solvent was tak-
en as control (100%) for the calculation of remain-
ing percent activity 
2.7 Effect of sodium azide on soluble and 
immobilized WRP 
The inhibitory effect of sodium azide (0 02-0 1 mM) 
on WRP preparations was examined Soluble and 
I-WRP (0 9 U) were independently preincubated 
for 1 h with the inhibitor m 50 mM sodium acetate 
buffer, pH 5 5, at 37°C The activity of enzyme with-
out exposure to sodium azide was considered as 
control (100%) for the calculation of remaining per-
cent activity 
2.8 Effect of mercuric chloride on soluble and 
immobilized WRP 
2.11 Storage stability of soluble and immobilized 
WRP 
Soluble and I-WRP were stored at 4°C m 50 mM 
sodium acetate buffer, pH 5 5, for over 40 d The 
ahquots from each preparation (0 9 U) were taken 
out m triplicates at the gap of 5 d and were analyzed 
for the remaining enzyme activity The enzjmie ac-
tivity measured on first day was considered as con-
trol (100%) for the calculation of remaining storage 
activity 
2.12 Statistical analysis 
Each value represents the mean for three inde-
pendent expenments performed in duplicates, 
with average SDs, <5% The data expressed in van-
ous studies were plotted using Sigma Plot-10 0 and 
expressed as mean with SD of error (±) Data were 
analyzed by one-way ANOVA P-values <0 05 were 
considered statistically significant 
3 Results 
Soluble and I-WRP (0 9 U) were incubated inde-
pendently with HgCl2 (0 2-1 0 mM) in 50 mM sodi-
um acetate buffer, pH 5 5, at 37°C for 1 h The activ-
ity of enzyme without exposure to HgCl2 was taken 
as control (100%) for the calculation of remaining 
percent activity 
2.9 Determination ofK„ and V„,^ of soluble and 
m max 
immobilized WRP with respect to o- dianisidine 
HCI 
The initial enzjmiatic activity was measured at var-
ious concentrations of o-dianisidme HCI The solu-
tions having different concentrations of o-diani-
sidme HCI ranging from 0 004 to 0 08 mM were 
treated with WRP (0 9 U) m the presence of 
18 0 mM H2O2 m 50 mM sodium acetate buffer, 
pH 5 5, at 37°C for 15 mm 
2.10 Reusability of immobilized WRP 
I-WRP was taken m tnplicates for assaying perox-
idase activity After each assay the immobihzed en-
zyme preparation was taken out, washed, and 
stored overnight in 50 mM sodium acetate buffer, 
pH 5 5, at 4°C The activity was assayed for six suc-
cessive days The activity determined for the first 
time was considered as control (100%) for the cal-
3.1 Partial purification and immobilization of WRP 
on Celite 545 
Crude extract of white radish exhibited initial spe-
cific activity of 281 U/mg of protein Peroxidase was 
partially purified by ammonium sulfate precipita-
tion and specific activity of this preparafion was in-
creased two-fold over crude enzyme 
Partially purified WRP was used for direct im-
mobihzation on an inorganic support, Cehte 545, 
through adsorption and was then crosslmked by 
0 5% glutaraldehyde for 2 h at 4"'C Activity yield for 
adsorbed WRP was 70% but after crosshnkmg with 
glutaraldehyde the activity was reduced to 60% 
(Table 1) 
Table 1 Immobilization of WRP on Celite 545 
Enzyme immobilized preparation Activity expressed (%) 
Cehte adsorbed WRP 7012 + 214 
Celite adsorbed and crosslmked WRP 60 23 ± 1 36 
Each value represents the mean for three independent experiments performed 
in duplicates with average SDs <5% 
410 © 2009 Wiley VCH Verlag GmbH S, Co KCaA Weinheim 
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Table 2. Properties of soluble and immobilized WRP 
Property Enzyme preparation 
S-WRP l-WRP 
pH-optima 
Temperature-optima fC) 
K„ (mM) 
V.axl'^M) 
5.5 
40 
0.056 ±1.21 
19.7 + 2.45 
5.5 
40 
0.07+2.13 
14.2 + 1.62 
Each value represents the mean for three independent experiments performed 
in duplicates, with average SDs, <5%. 
3.2 Effect of pH and temperature 
Both soluble and I-WRP preparations showed the 
same pH- and temperature-optima (Table 2). How-
ever, I-WRP retained significantly higher enzyme 
activity at acidic and alkaline sides of pH-optima 
and at temperatures below and above the temper-
ature-optima as compared to S-WRP (data not giv-
en). I-WRP showed 64% activity at 80°C while S-
WRP retained only 47% activity at this temperature. 
Soluble and I-WRP were incubated at 60°C for 
various time intervals. Incubation of S-WRP at 
60°C for 2 h resulted in a loss of 78% of its initial ac-
tivity. However, I-WRP retained 44% of the original 
activity under similar incubation conditions (Fig. 
1). 
3.3 Effect of organic solvents 
The effect of increase in the concentrations of wa-
ter-miscible organic solvents; DMF, DMSO and n-
propanol (10-50%, v/v) on the activity of soluble 
and I-WRP is shown in Table 3. Soluble and I-WRP 
showed activation in the presence of DMSO and 
there was an enhancement in the activity of both 
the preparations till 40% DMSO. However, after this 
concentration there was a gradual decrease in the 
enhancement of enzyme activity. I-WRP showed an 
enhancement of 165% when exposed to 40% v/v 
DMSO for 1 h at 37°C. Moreover, S-WRP demon-
strated an enhanced activity of 132% under similar 
treatment conditions. 
An enhancement in the activity of I-WRP was 
observed even in the presence of lower concentra-
tions of DMF and n-propanol. At higher concentra-
tions of these solvents, the activity of I-WRP was 
decreased; however, decrease in I-WRP activity 
was quite low as compared to S-WRP (Table 3). 
3.4 Effect of sodium azide 
Figure 2 demonstrates the effect of sodium azide on 
the activity of soluble and I-WRP S-WRP lost 61% 
of its initial activity while I-WRP retained 86% of its 
original activity after 1 h exposure to 0.02 mM sodi-
um azide. Thus, sodium azide proved to be a strong 
inhibitor of WRP Moreover, EDTA (Ethylenedi-
amine tetracetic acid) showed no significant effect 
on the activity of soluble and I-WEP even when the 
concentration of EDTA was 20 mM (data not given). 
3.5 Effect of HgClj 
I-WRP retained 96% of its initial activity in the 
presence of 1.0 mM HgClj whereas S-WRP exhib-
ited 65% of its initial activity under similar treat-
ment conditions (Fig. 3). Both soluble and immobi-
lized preparations of WRP were more resistant to 
inactivation caused by CdCl2 and ZnCl2. Increase in 
Tittle (ntin) 
Figure 1. Thermal denaturation of soluble and 
immobilized WRP. Soluble and immobilized 
WRP (0.9 U) were incubated at 60°C for vari-
ous times m 50 mM sodium acetate buffer, 
pH 5,5. Aliquots from each preparation v^ ere 
taken at indicated time intervals and chilled 
quickly in crushed ice for 5 mm. Enzyme activity 
was determined as described in the text. Activi-
ty obtained without incubation at 60°C was tak-
en as control (100%) for the calculation of re-
maining percent activity 
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Table 3. Effect of organic solvents on soluble and immobilized WRP 
Organic 
solvent 
{%,v/v) 
10 
20 
30 
40 
SO 
DMSO 
S-WRP l-WRP 
132.24 ±2.12 
149.43 ±2.34 
154.69±1.56 
157.44 + 1.78 
153.21 ±2.14 
164.78 ±1.45 
183.78 ±1.68 
188 23 ±2.15 
193.16+1.65 
177.35 ±1.76 
Remaining activity (%) 
DMF 
S-WRP l-WRP 
99.13 ±2.64 
90.32 ±2.13 
86 76 ±1.24 
83.34 ±1.57 
76.79 ±2.18 
130.32 + 1.24 
123.34 ±2.36 
118.76 ±2.21 
105.78 ±1.56 
92.45 ±1.52 
n-Propanol 
S-WRP l-WRP 
97.23 ±2.11 
86.35 ±2.21 
60.86 ±1.87 
54.35 ±2.27 
40.14 ±1.83 
124 28 ±2.16 
120 78 ±2.76 
95.43 ±2.35 
75.69 ±1.68 
62.21 ±1.87 
Soluble and immobilized WRP (0 9 U) were independently incubated with increase in the concentrations of DMF/DMSO/n-propanol (10-50%, v/v) in 50 mM sodi-
um acetate buffer, pH 5.5 at 37°C for 1 h. Peroxidase activity was assayed at all the indicated organic solvent concentrations. The activity of soluble and immobilized 
WRP m assay buffer without any organic solvent was taken as control (100%) for the calculation of remaining percent activity. Each value represents the mean for 
three independent experiments performed in duplicates, with average SDs, <5%. 
the concentration of these heavy metals up to 
20 mM exhibited no marked influence on the activ-
ity of both the enzyme preparations (data not giv-
en) 
3.6 Determination of/C„ and V „ , , of soluble and 
m max 
immobilized WRP 
Kinetic parameters of soluble and I-WRP were cal-
culated by performing an experiment with differ-
ent concentrations of o-dianisidine HCl.The plot of 
initial enzyme activity versus different concentra-
tions of o-dianisidine HCl for both the enzyme 
preparations followed a hyperbolic pattern as ex-
pected according to the Michaelis-Menton kinetics 
(data not given). Moreover, the Lineweaver-Burk 
plots of soluble and I-WRP were also found to be 
linear The values of Michaelis-Menten constant, 
K^. for soluble and l-WRP were 0.056 and 0.07 mM, 
respectively (Table 2). The V^^ values for soluble 
and l-WRP were found to be 19.7 and 14.2 mM/ 
min, respectively. 
3.7 Reusability of immobilized WRP 
Reusability of l-WRP preparation has been shown 
in Fig. 4. After sixth repeated use, l-WRP retained 
51% of the original activity. 
3.8 Storage stability of soluble and immobilized 
WRP 
Storage stability of soluble and immobilized prepa-
rations of WRP at 4°C was monitored at a gap of 5 d 
for over 40 d (Fig. 5). The immobilized peroxidase 
preparation retained almost 60% of the original ac-
tivity after a period of 40 d storage at 4°C whereas 
the soluble peroxidase preparation exhibited only 
•B 
•J 
(2 
0.00 0D2 0.04 0D6 
Sodium 42id«(mM) 
0118 0.10 
Figure 2. Effect of sodium azide on solu-
ble and immobilized WRP. Soluble and 
immobilized WRP (0.9 U) were incubat-
ed v»ith sodium azide (0 02-0.1 mN/l) in 
50 mM sodium acetate buffer, pH 5 5 for 
1 h. Activity obtained without exposure 
to sodium azide was taken as control 
(100%) for the calculation of remaining 
percent activity. 
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Figure 3. Effect of HgClj on soluble and 
immobilized WRP Soluble and immobi 
lized WRP (0 9 U) were incubated with 
HgClj (1 0-5 0 mM) in 50 mM sodium 
acetate buflfer, pH 5 5 for 1 h Activity ob 
tamed without exposure to HgCij was 
taken as control (100%) for the calcula 
tion of remaining percent activity 
17% activity under identical storage conditions 
Thus, I-WRP was highly stable at 4''C 
4 Discussion 
Immobilization of enzymes by adsorption is a very 
simple, economical, and effective procedure for 
binding of enzymes directly from partially punfied 
preparations or even from crude homogenates [10, 
11] This study deals with the immobilization of 
WRP simply by adsorption on Celite, a diatoma-
ceous earth, directly from ammonium sulfate pre-
cipitated proteins of white radish followed by 
crosslinkmg by glutaraldehyde Diatomite earners 
have widely been used as supports for the immobi-
hzation of enzymes [15,22] The binding of WRP on 
Cehte 545 showed an immobilization yield of 70% at 
pH 5 5 while the activity was decreased to 60% af-
ter crosslinkmg (Table 1) Several reports are avail-
able for the pH-dependent adsorption of enzymes 
on vanous supports [14] I-WRP was quite stable at 
extreme conditions of pH (data not shown) and 
temperature (Fig 1) Several earlier investigators 
have found that enzymes adsorbed on Celite sup-
port were also quite stable to extreme conditions of 
pH and temperature [12,14] 
Enzymes exploited for the treatment of waste-
waters containing aromatic pollutants would be af-
fected by the presence of water-miscible organic 
solvents Therefore, we have investigated the sta-
bility of WRP preparations against some water-
miscible organic solvents I-WRP was found to be 
quite stable against inactivation caused by expo-
sure to DMF, DMSO, and n-propanol (Table 3) It 
has already been reported that immobilization of 
enzymes by multipoint attachment protects them 
from denaturation mediated by organic solvents 
[10] Some other workers have also descnbed that 
the stabilization of immobilized enzymes against 
vanous forms of water-miscible organic solvents 
could possibly be due to low water requirement or 
enhanced ngidity of the enzyme structure [23] En-
zymatic catalysis in organic solvents is possible if 
the organic solvent does not substantially disturb 
the active site structure [24] 
Enzyme inhibitor, sodium azide, was found to 
inhibit WRP strongly (Fig 2) A number of studies 
have already been performed on the inhibitory ef-
fect of such compounds on horseradish peroxidase 
where sodium azide has been shown to be a potent 
inhibitor of many hemeprotem-catalyzed reactions 
[25,26] Peroxidase in the presence of sodium azide 
and HjOj mediates one electron oxidation of azide 
ions forming azidyl free radicals which bind cova-
lently to the heme moiety of peroxidase, thus in-
hibiting the enzyme activity [27] EDTA was not 
found to have any significant effect on the activity 
of WRP Such an observation has already been re-
ported where EDTA showed no inhibitory effect on 
enzyme activity [28] 
The chemical contamination of water by a wide 
range of toxic denvatives, m particular, heavy met-
als IS a serious environmental problem owing to 
their potential human toxicity In view of their pres-
ence in wastewater, it became necessary to evalu-
ate the effect of some heavy metals on the activity 
of WRP Our results revealed that WRP exhibited 
more resistance to heavy metal induced inhibition, 
a concentration-dependent gradual inhibition of 
© 2009 Wiley VCH Verlag GmbH & Co KCaA, Weinheim 413 
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Figure 4. Reusability of immobilized preparation of WRP. 
Immobilized WRP (0.9 U) was assayed in 50 mM sodium 
acetate buffer, pH 5.5 as described in the text. After each 
assay immobilized enzyme preparation was taken out and 
stored in assay buffer overnight for next use. This proce-
dure was repeated for six consecutive days. 
WRP activity by HgCl2 was observed (Fig. 3). Some 
recent reports indicated that horseradish peroxi-
dase was remarkably inhibited by heavy metal ions 
[29, 30]. However, in this study the inhibition of I-
WRP by HgCIj was quite low as compared to the 
soluble enzyme. Metals induce conformational 
changes in enzymes. However, peroxidases remain 
active even in the presence of a number of metal 
ions, as a part of their detoxifying role. The effect of 
different metal ions on the activity of different en-
zymes is related to their affinity to different func-
tional groups present in the enzymatic structure 
[31,32]. The stability of I-WRP against several met-
al compounds showed that such enzyme prepara-
tions could be exploited for the treatment of aro-
matic pollutants even in the presence of heavy 
metals. 
^max ^^^ Michaelis-Menten constant {K^) for 
free and I-WRP were found from the Line-
weaver-Burk plot. Although K^ values of soluble 
and I-WRP were close to each other, V^^^ of solu-
ble enzyme was found to be more than I-WRP 
(Table 2). This observation suggested that immobi-
hzation of WRP by adsorption and crosslinking did 
not result in any significant change in enzyme con-
formation and hence there is only a slight alter-
ation in the accessibility for the substrate. Recent-
ly Wang et al. [18] have demonstrated that 
crosslinking by glutaraldehyde not only main-
tained the native state of hemoglobin in H2O2 
15 20 25 30 
Figures. Storage stability of soluble and immobilized 
WRP. Soluble and immobilized WRP preparations were 
stored at 4°C in 50 mM sodium acetate buffer, pH 5.5 for 
over 40 d. The aliquots from each preparation (0.9 U) were 
taken in triplicates at the gap of 5 d and were then ana-
lyzed for the remaining enzyme activity. Enzyme activity 
measured on first day was considered as control (100%) 
for the calculation of remaining storage activity. 
414 © 2009 Wiley-VCH Verlag GmbH & Co. KCaA, Weinheim 
Bpotechnol ) 2009,4,408-416 www biotechnology journal com 
biosensor but also enhanced the structural ngidity 
of the protein Thus, proteins with structural rigid-
ity are more resistant to variations of the environ-
ment. The decrease in V^^^ observed in the case of 
immobilized enzyme preparation indicated that 
nonspecific binding of glutaraldehyde with a wide 
vanety of ammo acid residues on the enzyme might 
have masked some of the active sites leading to the 
formation of lesser enzyme-substrate complex It is 
well documented that the K^ values of several im-
mobihzed enzymes were either unaltered or exhib-
ited minor alteration as compared to those of their 
respechve soluble counterparts [33,34] 
Enzyme reuse provides a number of cost effec-
tive advantages that are often an essential prereq-
uisite for establishing an economically viable en-
zyme catalyzed process [35] I-WRP retained 51% 
of Its original activity even after its six successive 
uses (Fig 4). The activity loss during repeated use 
might be due to inhibition of enzyme by its reaction 
product [36] 
I-WRP retained almost 60% of the original ac-
tivity after a penod of 40 d storage at 4°C whereas 
S-WRP exhibited only 17% activity under identical 
storage conditions Thus, I-WRP exhibited remark-
able stability on prolonged storage (Fig 5) 
On the basis of results obtained m the present 
work. It can be concluded that the stability offered 
by I-WRP against vanous denaturants suggested 
that this preparation could successfully be em-
ployed m reactors for the treatment of effluents 
containing phenohc and other aromatic pollutants 
The reusability and storage experiments further 
supported that the use of such a cheaper source of 
en2:yme and support will definitely minimize the 
cost of immobilization and provide a suitable ap-
proach for tite treatment of huge volumes of waste-
water in batch processes as well as m continuous 
reactors 
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Corrigendum 
Katidou, M,, Vidaki, M„ Strigini, M., Karagogeos, D. The immunoglobulin superfamily of neuronal cell'^ 
adhesion molecules: Lessons from animal models and correlation with human disease Biotechnol. J. 'g 
2008,3.1564-1580. $ 
At the very end of paragraph 3.3.1.2 NrCAM in addiction vulnerability, the last sentence and cita-
tion should be: 
With respect to the potential role of IgCAMs in addiction vulnerability protein tyrosine phosphatase 
receptor type beta (PTPRB), a member of the FTP family of receptor phosphatases that are knovm to 
interact with IgCAMs, may also be linked to drug abuse [167]. 
[167] Ishiguro, H., Gong, J.P, Hall, F.S., Arinami, T., Uhl, G.R., Association of the PTPRB gene poly-
=. morphism with drug addiction. Am./. Med. Genet. B Neuropsychiatr. Genet. 2008,147B. 1167-72. 
• 
I "We apologize with the authors of these articles and with the readers for the misunderstanding and for 
.1 any inconvenience. 
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Use of Bitter Gourd (Momordica charantid) 
Peroxidase Together with Redox Mediators 
to Decolorize Disperse Dyes 
Rukhsana Satar and Qayyum Husain* 
Department of Biochemistry, Faculty of Life Sciences, Aligarh Muslim University, Aligarh 202002, India 
Abstract In this study, salt fractionated bitter gourd (Momordica charantia) peroxidase was used for the decolorization of water-
insoluble disperse dyes; Disperse Red 17 and Disperse Brown 1. Effect of nine different redox mediators; bromophenol, 2,4-
dichlorophend, guaiacol, l-hydroxybenzotriazole, m-cresol, quinol, syiingaldehyde, violuric add, and vanillin on decolorization 
of disperse dyes by bitter gourd peroxidase has been investigated. Among these redox mediators, l-hydroxytjenzotriazole was 
the most effective mediator for decolorization of both the dyes by peroxidase. Bitter gourd peroxidase (0.36 U/mL) could de-
colorize Disperse Red 17 maximally 90% in the presence of 0.1 mM 1-hydroxybenzotriazole while Disperse Brown 1 was 
decotorized 65% in the presence of 0.2 mM 1-hydroxybenzotriazole. Maximum decolorization of these dyes was obtained 
within 1 h of incubation at pH 3.0 and temperature 40°C. The application of such enzyme plus redox mediator systems may 
be extendable to other recalcitrant and water insoluble synthetic dyes using novel redox mediators and peroxidases from 
other new and cheaper sources. ©KSBB 
Keywords: decolorization, disperse dyes, 1-hydroxybenzotriazole, Momordica charantia, peroxidise, redox mediators 
INTRODUCTION 
Among the several types of dyes used worldwide, disperse 
dyes are frequently used for dyeing polyester, nylon, cellu-
lose acetate, and acrylic fibers [1]. The highly variable and 
complex chemical structure of the dyes makes them difficult 
to remove using conventional wastewater treatment systems 
[2,3]. Recently, a great deal of research has been directed 
towards the development of enzyme based treatment of col-
ored wastewaters/industrial effluents [4-7]. Enzymatic treat-
ment has several advantages over the other known classical 
chemical and physical methods. These include minimal re-
quirements of compounds, short treatment periods, and ap-
plication to biorefractory compounds; operation at high and 
low contaminant concentrations; operation over a wide range 
of pH, temperature, and salinity; absence of shock loading 
effects; absence of delays associated with the acclimatization 
of biomass; reduction in sludge volume and the ease and 
simplicity of controlling the process [8,9]. 
Majority of dyes are recalcitrant to the action of peroxi-
dases, however, the presence of redox mediators facilitates 
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decolorization of such dyes to a great extent [7,10]. Redox-
mediated enzymatic catalysis has been used for a wide range 
of applications such as degradation of polycyclic aromatic 
hydrocarbons, phenols, aromatic amines, biphenyls, pesti-
cides, insecticides, and pulp delignification [10,11]. Recently, 
some investigators have demonstrated that the use of redox 
mediators could enhance peroxidase catalyzed transforma-
tion of recalcitrant dyes [9,12,13]. 
The objective of the present study was to develop an inex-
pensive and efficient peroxidase based method for the treat-
ments of water-insoluble disperse dyes. Various experimen-
tal conditions for the remediation of dyes by peroxidase have 
been standardized. Decolorization of disperse dyes has also 
been carried out in a stirred batch process. 
MATERIALS AND METHODS 
Materials 
Disperse Brown 1 (DB 1) and Disperse Red 17 (DR 17) 
were the products of Atul Chem. Co. (Valsad, Gujarat, India), 
o-dianisidine HCl was obtained from Sigma Chemical Co. 
(St. Louis, MO, USA). Ammonium sulphate, redox media-
tors, including 1-hydroxybenzotriozole (HOBT) and vanillin 
'Q Springer 
214 
(VN), and Tween 20 were obtained from SRL Chemicals 
(Mumbai, India). Bitter gourd was purchased from the local 
market. Other chemicals and reagents employed were of 
analytical grade and used without any further purification. 
Ammonium Sulphate Fractionation of Bitter Gourd 
Proteins 
Bitter gourd (250 g) was homogenized in 500 mL of 0.1 
M sodium acetate buffer, pH 5.5. Homogenate was filtered 
through four-layers of cheesecloth. The filtrate was then cen-
trifiiged at the speed of 10,000 x _f on a Remi C-24 Cooling 
Centrifuge for 20 min at 4°C. The clear solution thus ob-
tained was subjected to salt fractionation by adding 10~80% 
(w/v) (NH4)2S04. The mixture was continuously stirred over-
night at 4°C for complete precipitation of proteins. The pre-
cipitate was collected by centrifugation at 10,000 x g on a 
Remi C-24 Cooling Centrifuge. The collected precipitate 
was dissolved in 0.1 M sodium acetate buffer, pH 5.5 and 
dialyzed against the assay buffer [6]. 
tion was calculated by taking untreated dye solution as con-
trol (100%). 
In another set of experiments, each dye (5.0 mL) was in-
cubated independently with BGP (0.36 U/mL) in the pres-
ence of varying concentrations of HOBTA'N (0.02~0.5 mM) 
and 0.75 mM H2O2 in 0.1 M glycine HCl buffer, pH 3.0 for 
1 h at 37°C. TTie reaction was stopped and intensity of color 
was recorded as described earlier. 
Effect of Enzyme Concentration on Dye 
Decolorizatlon 
Each dye (5.0 mL) was incubated with increasing concen-
trations of BGP (0.04-0.92 U/mL) in 0.1 M glycine HCl 
buffer, pH 3.0 in the presence of 0.75 mM H2O2 for 1 h at 
37°C. HOBT. at a concentration of 0.1 mM and 0.2 mM. was 
used as a redox mediator for DR 17 and DB 1, respectively. 
The reaction was stopped and intensity of color was recorded 
as mentioned above. The percent decolorizatlon was calcu-
lated by taking untreated dye solution as control (100%). 
Preparation and Treatment of Synthetic Dye Solutions Effect of HjOjOn BGP Mediated Dye Decolorizatlon 
Disperse dyes; DR 17 (?ITO„510 nm) and DB 1 (Xnu«460 
nm) were solubilized using 0.025% (v/v) Tween 20 prepared 
in 0.1 M glycine HCl buffer, pH 3.0. 
DR 17 (25 mg/L, 5.0 mL,) and DB 1 (50 mg/L, 5.0 mL) 
were independently incubated with BGP (0.36 U/mL) in 0.1 
M glycine HCl buffer, pH 3.0 in the presence of 0.75 mM 
H202for indicated times at 37°C. Redox mediator, HOBT, 
was added at concentrations specified in each section. The 
reaction was stopped by boiling at 100°C for 5 min. Dye 
decolorization was determined spectrophotometrically by 
monitoring the decrease in absorbance at the specific wave-
length maximum (X j^x) for each dye on Cintra lOe UV-
visible spectrophotometer. Untreated dye solution (contain-
ing all the reagents that are present in treated solutions ex-
cept the enzyme) was used as control (100%) for the calcula-
tion of percent decolorization. The parameter percent dye 
decolorization was defined as: 
r = -
A..-A, 
xlOO 
where r is decolorization percent (%), Au is absorbance of 
the untreated dye, and A( is absorbance after treatment. 
Each value represents the mean of three independent ex-
periments performed in duplicates, with average standard 
deviations, < 5%. 
Effect of Different Redox Mediators on BGP 
Mediated Dye Decolorizatlon 
Each dye (5.0 mL) was incubated with BGP (0.36 U/mL) 
in the presence of an independent redox mediator (0.5 mM) 
and 0.75 mM HjOj in 0.1 M glycine HCl buffer, pH 3.0 for 
1 h at 37°C. The reaction was stopped by heating at 100°C 
for 5 min. The absorbance of the dye solutions at the respec-
tive >™ax for each dye was recorded. The percent decoloriza-
Each dye (5.0 mL) was incubated with increasing concen-
trations of H2O2(0.15~1.5 mM) in 0.1 M glycine HCl buffer, 
pH 3.0 in presence of BGP (0.36 U/mL) for 1 h at 37°C. 
HOBT was used as a redox mediator as mentioned above. 
The reaction was stopped by heating and dye decolorization 
was monitored. The percent decolorization was calculated by 
taking untreated dye solution as control (100%). 
Effect of pH and Temperature on BGP HAediated 
Dye Decolorization 
Dye solutions were prepared in the buffers of different pH 
(3.0-10.0). The buffers were glycine-HCl (pH 2.0 and 3.0), 
sodium acetate (pH 4.0 and 5.0), sodium phosphate (pH 6.0 
-8.0), and Tris-HCl (pH 9.0 and 10.0). The molarity of each 
buffer was 0.1 M. Each dye (5.0 mL) was treated with BGP 
(0.36 U/mL) in buffers of various pH values (3.0-10.0) in 
the presence of 0.75 mM H202for 1 h at 37°C. DR 17 and 
DB 1 decolorization was performed in the presence of 0.1 
mM and 0.2 mM HOBT, respectively. The reaction was 
stopped by keeping in a boiling water bath for 5 min. Dye 
decolorization was monitored at the respective Xmu for each 
dye. The percent decolorization was calculated by taking 
untreated dye solution in each buffer as control (100%). 
Each dye (5.0 mL) was incubated with BGP (0.36 U/mL) 
at different temperatures (20~80°C) under other conditions 
specified above. Reaction was stopped by incubating in a 
boiling water-bath for 5 min. Absorbance of remaining color 
was measured. The percent decolorization was calculated by 
taking untreated dye solution at each temperature as control 
(100%). 
Effect of Time on BGP Mediated Dye Decolorization 
Each dye solution (5.0 mL) was treated with BGP (0.36 
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100 Table 1. Effect of enzyme concentration on dye decolorization 
• DRUDDBI 
Rg. 1. Effect of different redox mediators on BGP mediated dye 
decotorization. DR 17 and DB 1 solutions (5.0 mL) were in-
cubated independently witfi BGP (0.36 U/mL) in the pres-
ence of 0.5 mM of eacfi redox mediator and 0.75 mM H202 
in 0.1 M glycine HQ buffer, pH 3.0 for 1 h at 37°C. The per-
cent decolorization was calculated by taking untreated dye 
solution as control (100%). 
Enzyme 
(U/mL) 
0.04 
0.09 
0.18 
0.27 
0.36 
0.46 
0.55 
0.64 
0.73 
0.82 
0.92 
Decolorization (%) 
DR17(X™,510nm) 
50.32 ±2.13 
64.12±1.34 
76.78 ±2.45 
85.35 ±2.35 
87.23 ±1.78 
86.69 ±2.11 
86.93 ±1.67 
87.32 ±129 
8725 ±2.78 
86.89 ±2.43 
87.15±2.13 
DB1(Ji™,460nm) 
35.12 ±125 
46.78 ±1.58 
55.42 ±125 
59.86 ±2.14 
63.79 ±1.56 
64.23 ±1.67 
64.34 ±1.34 
63.87 ±128 
64.34 ±2.56 
64.32 ±2.13 
64.12 ±2.46 
Each dye solution (5.0 r r l ) was treated independently wilfi BGP (0.04-0.92 U/mL) of 
BGP in 0.1 M glycine-HCI buffer at pH 3.0 in the presence of 0.75 mM Hfi2. The 
concentration of HOBT used was 0.1 mM for DR 17 and 0.2 mM lor DB 1. The 
pement decolorization was calculated by taking untreated dye solution as control 
(100%). Each value represents the mean tor tfiree independent experiments per-
fomied in duplicates, with average standard deviations, < 5%. 
U/mL) in the presence of 0.75 mM H2O2 in 0.1 M glycine 
HCl buffer, pH 3.0 at 37°C for varying time intervals. 
HOBT was used as a redox mediator as mentioned above. 
The reaction was stopped by keeping in a boiling water bath 
for 5 min. The dye decolorization was monitored at the re-
spective Xmix for each dye. The percent decolorization was 
calculated by taking untreated dye solution as control (100%). 
Decolorization of disperse dyes was monitored in stirred 
batch process. Dye solutions; DR 17 (250 mL) and DB 1 
(250 mL), were treated with BGP (80 U) in the presence of 
0.75 mM H2O2 for varying time intervals under stirring con-
ditions at dl'C. HOBT was used as 0.1 mM and 0.2 mM for 
DR 17 and DB 1, respectively. Aliquots from both the dye 
solutions were taken at indicated time intervals for the meas-
urement of remaining color in UV-visible range. 
Measurement of Peroxidase Activity and Protein 
Estimation 
Peroxidase activity was determined by a change in the op-
tical density (A4«) nm) at 37°C by measuring the initial rate 
of oxidation of 6.0 mM o-dianisidine HCl in the presence of 
18.0 mM H2O2 in 0.1 M glycine-HCI buffer, pH 3.0, for 15 
min at 37°C. 
One unit (1.0 U) of peroxidase activity was defined as the 
amount of enzyme protein that catalyzed the oxidation of 1.0 
|imol of o-dianisidine HCi per min at 37°C. 
Protein concentration was estimated by using Lowry et al. 
[14] procedure. BSA was used as a standard protein. 
Statistical Analysis 
Each value represents the mean for three-independent ex-
periments performed in duplicates, with average standard 
deviations, < 5%. The data expressed in various studies was 
plotted using Sigma Plot-10.0 and Microsoft Excel 2003 and 
expressed as mean with standard deviation of error (±). Data 
was analyzed by one-way ANOVA. P-values < 0.05 were 
considered statistically significant. 
RESULTS 
Effect of Different Redox Mediators on BGP Catalyzed 
Dye Decolorization 
Figure 1 shows the effect of different redox mediators on 
BGP catalyzed dye decolorization. Among redox mediators 
tested for decolorization, HOBT was found to be the most 
effective in decolorizing DR 17 and DB 1 to an extent of 
nearly 85% and 60%, respectively, followed by VN which 
could decolorize DR 17 by nearly 60%. Decolorization me-
diated by other redox mediators was less as compared to that 
mediated by HOBT. 
The effect of increasing concentrations of HOBT and VN 
(0.02-0.5 mM) on DR 17 and DB 1 decolorization is shown 
in Table 2. Decolorization of both the dyes enhanced with 
increasing concentration of HOBT and VN. However, 
HOBT was capable of decolorizing these dyes significantly 
as compared to VN. DR 17 was decolorized maximally 90% 
in the presence of 0.1 mM HOBT while as 0.2 mM HOBT 
was required for maximum 64% decolorization of DB 1. 
There was a slight decrease in percent decolorization of the 
dyes above these concentrations of HOBT. Concentrations 
of VN above 0.1 mM did not show any significant effect on 
dye decolorization. 
Effect of Enzyme Concentration on Dye Decolorization 
Table 1 demonstrates the effect of varying concentrations 
216 
H/),(mM) 
Fig. 2. Effect of H2O2 on BGP mediated dye decdorization. Each 
dye solution (5.0 mL) was incutrated witfi increasing concen-
trations of H A (0.15-1.5 ml^) in 0.1 M glycine HCI buffer, 
pH 3.0 in tfie presence of BGP (0.36 U/mL) for 1 h at 37°C. 
HOST was used as a redox mediator as mentioned in ttie 
text. The percent decolorization was calculated by taking un-
treated dye solution as control (100%). 
pll 
Fig. 3. Effect of pH on BGP catalyzed dye decolorization. Each dye 
solution (5.0 mL) was treated with BGP (0.36 U/mL) in buff-
ers of various pH (3.0-10.0) in the presence of 0.75 mM 
H2O2 for i h at 37°C, The molarity of each buffer was 0.1 M. 
HOBT was used as a redox mediator. The percent decolori-
zation was calculated by taking untreated dye sdutran in 
each buffer as control (100%). 
of enzyme on the decolorization of DR 17 and DB 1. Decol-
orization of these dyes was continuously enhanced by adding 
increasing concentration of BGP. However, DR 17 and DB 1 
were decolorized maximally in the presence of 0.36 U/mL 
BGP. Further addition of enzyme did not show any signifi-
cant increase in decolorization of both the dyes. 
Effect of HjOiOn BGP Mediated Oye Decolorization 
The percent decolorization was continuously increased 
with increasing concentrations of H2O2. Maximum decolori-
zation was observed in the presence of 0.75 mM H2O2 and 
decolorization remained almost unchanged till 0.90 mM 
H2O2. As the concentration of H2O2 was further increased, a 
slow decline in percent decolorization was observed (Fig. 2). 
Effect of pH and Temperature on BGP Mediated 
Dye Decolorization 
DR 17 and DB 1 were treated with BGP (0.36 U/mL) in the 
buffers of different pH (3.0~I0.0). Results revealed that BGP 
could decolorize dyes maximally in acidic pH range (3.0~6.0). 
Both the dyes were maximally decolorized at pH 3.0. How-
ever, as the pH of treated samples increased above 6.0, the 
extent of decolorization was remarkably decreased (Fig. 3). 
The effect of different temperatures on the decolorization 
of DR 17 and DB 1 was monitored. Both the dyes were de-
colorized maximally at 40°C (Fig. 4). Above and below this 
temperature-optimum, the percent decolorization was remarica-
bly decreased. 
Effect of Time on BGP Mediated Decolorization 
Figure 5 shows the effect of time on the decolorization of 
Temperature (T ) 
Fig. 4. Effect of temperature on BGP catalyzed dye decotorization. 
Each dye solution (5.0 mL) was incubated with BGP (0.36 
U/mL) in the presence of 0.75 mM Hfii in 0.1 M glycine HCI 
buffer, pH 3.0 at 20~80°C for 1 h. HOBT was used as a re-
dox mediator. The percent decotorizatbn was calculated by 
taking untreated dye solution at each temperature as control 
(100%). 
DR 17 and DB 1. Maximum decolorization of both the dyes 
was observed within 1 h of incubation at 37°C. However, no 
effective increase was observed when the dyes were further 
incubated for longer times. Sufficient amount of DR 17 was 
decolorized within 15 min while the decolorization of DB 1 
was quite slow. 
Treatment of dye solutions with BGP in stirred batch 
process at different time intervals in the presence of HOBT 
showed a significant loss of color from dye solutions. The 
disappearance of 90% and 65% of color from DR 17 and DB 
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Time {m In) 
Fig. 5. Effect of time on BGP catalyzed dye decolorization. Each 
dye solution (5.0 mL) was incubated with BGP (0.36 U/mL) 
in the presence of 0.75 mM HaOa in 0.1 M glycine HCI buffer, 
pH 3.0 at 37°C for indicated time intervals. HOBT was used 
as a redox mediator. The percent decolorization was calcu-
lated by taking untreated dye solution at each temperature 
as control (100%). 
1, was observed within 1 h of incubation, respectively. Incu-
bation of dye solutions with BGP for longer times did not 
show any further enhancement in decolorization (Fig. 6). 
DISCUSSION 
Decolorization of wastewaters containing colored efflu-
ents IS being given increasing importance nowadays, con-
cerning their adverse environmental implications. Presently, 
search for simple, cost effective, and applicable enzyme-
based treatment systems is going on; conventional methods 
being not very effective owing to their many drawbacks 
[5,15]. BGP has earlier been employed for the decolorization 
of a number of water-soluble synthetic textile dyes [6,9,12], 
Here, for the first time, an effort has been made to use par-
tially purified BGP for the decolorization of water-insoluble 
disperse dyes using a very simple production protocol with-
out implication of high cost of enzyme purification. The dye 
solutions were found to be recalcitrant upon exposure to 
HOBT, H2O2 or to the enzyme alone. Thus, dye decoloriza-
tion was a result of redox mediated H202-dependent enzy-
matic reaction. 
It has already been described that redox mediators have 
the potential to mediate an oxidation reaction between a sub-
strate and an enzyme [16]. Different redox mediators have 
different mediation efficiency and this efficiency is governed 
by redox potential of the mediator and the oxidation mecha-
nism of the substrate [17]. Oxidation of substrate occurs by 
free radical formation by the mediator. The fi-ee radicals can 
be formed either by one-electron oxidation of substrate [18] 
or by abstraction of a proton from the substrate [19]. In this 
study, redox-mediating property of nine different compounds 
as peroxidase mediators was evaluated (Fig. 1). Among the 
eo 75 
Time (min) 
Rg. 6. Treatment of dyes solutions in a s t i n ^ batch process by 
BGP. Dye solutions; DR 17 (250 mL) and DB 1 (250 mL), 
were treated with BGP (80 U) in the presence of 0.75 mM 
HjOs for 4 h at 37°C under stimng conditions. HOBT was 
used as a redox mediator. Aliquots of dye sdutions were 
taken at indicated time inten/als to monitor decok}rizatk)n. 
The percent decolorization was calculated by taking un-
treated dye solulic« as control (100%). 
nine investigated compounds, HOBT was found to have the 
best mediating property for the decolorization of DR 17 and 
DB 1. This observation was in agreement with the earlier re-
ports where HOBT was found to enhance decolorization of 
reactive and direct dyes drastically [6,12], It is well docu-
mented that the redox potential of enzymes varies depending 
upon the source of the enzyme. This would dictate the need 
and/or nature of redox mediator for the degradation of a par-
ticular dye to occur [11]. 
BGP could decolorize both the investigated dyes signifi-
cantly in the presence of very low concentrations of HOBT 
(Table 2). Decolorization of DR 17 and DB I increased with 
increasing concentration of HOBT; dyes being decolorized 
maximally in presence of 0.1 and 0.2 mM HOBT, respec-
tively. Further addition of HOBT resulted in a gradual/slow 
decrease in decolorization of both the dyes. This inhibition 
could likely be due to the high reactivity of HOBT radical, 
which might undergo chemical reactions with aromatic amino 
acid side chains of the enzyme thereby, inactivating it [20, 
21]. Hence, the dosage of redox mediator is an important 
factor for the enzyme-mediated decolorization [3]. 
Maximum decolorization of both dyes was observed in the 
presence of 0.75 mM H2O2 (Fig. 2) and this observation was 
in agreement with the earlier reported by using soyabean 
peroxidase [22], BGP [6], and turnip peroxidase [9,12]. The 
concentration of H2O2 greater than 0.75 mM acted as an in-
hibitor of peroxidase activity by irreversibly oxidizing the 
enzyme ferri-heme group essential for peroxidase activity 
[23]. 
The maximum decolorization of DB 1 and DR 17 was ob-
tained at pH 3.0 (Fig. 3). It has earlier been reported that the 
degradation of industrially important dyes by enzymes such 
as HRP, polyphenol oxidase, BGP, MnP, and laccase was 
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Table 2. Effect of HOBT and VN on BGP mediated dye decotariza-
tion 
HOBT/ 
VN 
(mM) 
0.02 
0.04 
0.06 
0.08 
0.1 
0,2 
0.3 
0.4 
0.5 
Decobrization (%) 
DR17 
(X™,510nm) 
HOBT VN 
64.12±1.23 
68.78 ±2.45 
76.34 ±0.97 
83.41 ±1.10 
89.23 ±1,46 
89.37±2.12 
86.87 ±0.87 
86.21 ±1.65 
84.76 ±2.32 
43.32 ±1.27 
47.88 ±0.86 
56.36 ±2.48 
64.69 ±2.18 
70.24 ±1.89 
69.89 ±1.59 
70.32 ±2.32 
70.24 ±1.36 
68.32 ±0.94 
DB1 
(X™,460nni) 
HOBT 
25.35 ±0.86 
36.76 ±1.32 
46.22 ±1.46 
53.69 ±1.89 
60.12±2.16 
64.31 ± 1.92 
64.24 ±1.24 
62.18 ±2.45 
60.16 ±2.23 
VN 
7.87 ±0.87 
10.12 ±0.96 
12.35 ±1.57 
12.68 ±2.17 
12.84 ±0.98 
13.31 ±1.42 
13.24 ±1.24 
13.29 ±1.78 
12.89 ±2.12 
Each dye solution (5.0 mL) was Incubated with BGP (0.36 LVmL) In tm presence of 
varying concentrations (0.01-.0.5 mM) o( HOBT and VN, and 0.75 mM H A in 0.1 M 
glycine HO buffer, pH 3.0 for 1 ti at 37°C. The percent decotorizalion was calculated 
t)y taking untreated dye solution as control (100%). Each value represents the mean 
for three Independent experiments performed In duplicates, with average standard 
deviations, < 5%. 
also maximum in the buffers of acidic pH [3,6,24]. 
In dye decolorization process temperature is one of the 
main factors. In this study, the maximum decolorization for 
both dyes was at 40°C (Fig. 4). It has already been reported 
that the decolorization of reactive and acid dyes by BGP was 
also maximum at 40°C [6,9]. DR 17 and DB 1 were maxi-
mally decolorized within 1 h of incubation (Fig. 5 and Fig. 
6). Incubation beyond this time period did not result in any 
further enhancement of decolorization. It was observed that 
DR 17 was easily oxidized as compared to DB 1. This was 
also evident from the observation that DR 17 was decolorized 
to a greater extent within 15 min in the presence of only 0.1 
mM HOBT. However, DB 1 was decolorized maximally in 
the presence of 0.2 mM HOBT and decolorization rate was 
also found to be slow. It has been reported that decolorization 
rate varies, depending upon the type of dye to be treated [7]. 
Further, the diminution in absorption peaks of the treated 
dyes in UV-visible region was a clear indication of dye de-
colorization/removal of aromatic compounds from the dye 
solutions (spectra not given). 
CONCLUSION 
This study demonstrated that the enzyme-mediator system 
is a suitable candidate for the treatment of wastewaters con-
taining disperse dyes. Application of BGP that is obtained 
from an easily available and inexpensive source means that 
one of the major barriers that limit the use of enzymes in 
wastewater treatment can be overcome. Thus, this work may 
provide a reasonable basis for the development of an effec-
tive biotechnological process for the removal of colored pol-
lutants from the textile effluents. 
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A B S T R A C T 
White radish peioxidase immobilized on Ceiite has been employed for the tieatmenf of reactive dyes: 
Reactive Red 120 and Reactive Blue 171. A comparative study of decolorization of these dyes by 
soluble and immobilized white radish peroxidase was made. Effect of different redox mediators: 1-
hydraxybenzocriazole, syringaldehyde. verataryl alcohol and violuricacid on the decolorization of reactive 
dyes by white radish peroxidase was tested. The investigated dyes were decolorized to different extents 
in the presence of these mediators. However, l-hydjt»fyben2otriazole was found to be the roost effec-
tive mediator for decolorization of Reactive Red 120 and Reactive Blue 171 by white radish peroxidase. 
Maximum decolorization of the dyes was observed at pH 5.0 and 40 C in 1 h. Comparative operational 
stability performance of soluble and immobilized white radish peroxidase for the treatment of dyes was 
checked in the presence of various denaturing and inhibiting agents such as sodium azide, organic sol-
vents and mercuric chloride. Among the studied dyes, white radish peroxidase exhibited significantly 
higher affinity for Reactive Red 120. Toxicity of the dyes was tested by Allium cepa test. Immobilized per-
oxidase decolorized dyes more effectively in batch process. Absorption spectra of treated and untreated 
dye solutions were found to show a marked difference. Efficiency of immobilized peroxidase was checked 
in a continuous leactor where the immobilized enzyme exhibited 73% decolorization of Reactive Red 120 
even after 1 month of operation of the reactor, 
© 2009 Elsevier B.V. AJ! rights resereed. 
1. Introduction 
Enzyme based procedures have attracted attention of the 
researchers for targeting aromatic pollutants as a potential and 
viable alternative to conventional methods due to their highly 
selective nature. The inhibition by toxic substances in enzymatic 
treatment is minimum and the process can be operated over a 
broad range of aromatic concentrations with low retention time 
[11. Peroxidases are versatile catalysts with wide spectrum appli-
cations in a number of industrial processes and have already been 
employed for the transformation of toxic compounds of industrial 
origin such as aromatic compounds to preserve the quality of water 
[1-31. 
Soluble enzymes exhibit some inherent limitations such as 
reusability, stability and use in continuous reactors [4,5]. Such lim-
itations couJd be avoided by using enzymes in their immobilized 
form that can act as catalysts with Jong lifetime and high stabiJ-
/!bi!)rTOoDoro;DMF,dimethylfonnamide;DMSO,dimethylsulfoxide;WRP, white 
radish peroxidase: S-WRP, soluble WRP; 1-WRP. immobilized WRR 
' Corresponding author. Tel.; +91 57! 2700741; fax; +91 571 2706002. 
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qayyumbioewdJffinail.con> (Q, Husain). 
ity [6,7|, thus being a better alternative for wastewater treatment 
at large scale, immobilization protects enzymes from denaturation 
and helps to retain them in biochemical reactors to further cat-
alyze the subsequent feed and offer more economical exploitation 
of biocatalysts in industry, waste treatment and in the develop-
ment of bioprocess monitoring devices like the biosensor [8-11]. 
Immobilization helps in maintaining homogeneity of enzymes in 
the reaction media since it avoids aggregation of enzyme particles. 
It is an efficient way to prevent inactivation and extend enzyme 
half-life. Immobilization procedures can also increase structural 
rigidity of the enzyme thus improving pH, temperature and/or 
organic solvent tolerance [12,13], In addition to the ease of han-
dling, immobilized enzymes are well suited fot use in continuous 
reactors. Since the loss of activity is a certainty over time, the sup-
port material should be easy to be regenerated with active enzyme 
[14,15]. 
Several methods have been employed for enzyme iinrno-
bilization, which include adsorption onto insoluble materials, 
entrapment in polymeric gels, encapsulation in membranes, chem-
ical crosslinking by using bifunctional or multifunctional reagents 
and linking to an insoluble carrier. Adsorption is a very simple, 
dieap and effective but frequently reversible process [7,9]. Celite is 
an impervious, chemically inert and solid support widely employed 
for the adsorption or deposition of biocatalysts [7,15]. Diatomite car-
1369-703X/S - see front matter 02009 Elsevier B.V. All rights reserved, 
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riers such as Celite have desirable physical properties: inexpensive, 
non-biodegradable, thus easy to be regenerated with fresh enzyme 
preparations and suitable for both mycelial and bacterial systems. 
Many examples of improved enzyme performances by means of 
deposition or adsorption onto Celite powder, porous beads or rods 
are reported in the literature [7,15,16]. 
The treatment of several organic pollutants sometimes causes 
problems because enzymes cannot act on them due to their recal-
citrant nature. Redox mediators enhance the reaction rate by 
mediating oxidation reaction between a substrate and an enzyme 
[17,18). They speed up the reaction rate by shuttling electrons from 
the biological oxidation of primary electron donors or from bulk 
electron donors to the electron-accepting organic compounds. Low-
molecular-weight diffusible redox mediators provide high redox 
potentials (>900 mV) to attack recalcitrant structural analogs and 
are able to migrate into the aromatic structure of the compound. 
Here an attempt has been made to use Celite-adsorbed and 
glutaraldehyde crosslinked white radish peroxidase (WRP) prepa-
ration for the remediation of water polluted with reactive dyes. 
The effect of pH, heat, redox mediators, enzyme concentration 
and time on the decolorization of such dyes has been optimized. 
The operational stability of soluble and immobilized prepara-
tions for the treatment of investigated dyes has been compared 
in the presence of sodium azide, mercuric chloride and organic 
solvents: n-propanol, dimethylformamide (DMF) and dimethylsul-
foxide (DMSO). Immobilized WRP(I-WRP) has been used in stirred 
batch process as well as in continuous packed-bed reactor for the 
degradation of reactive dyes. 
2. Materials and methods 
2.1. Materials 
Celite 545 (20-45 |j, mesh) was obtained from Serva Labs. (Hei-
delberg, Germany). Bovine serum albumin (BSA) and o-dianisidine 
HCl were obtained from Sigma Chemical Co. (St. Louis, MO, USA), 
Reactive dyes were the gift from Atul Chem. Co.-(Valsad, Gujarat, 
India). Ammonium sulphate, DMF, DMSO, n-propanol and redox 
mediators were obtained from SRL Chemicals (Mumbai, India). 
White radish was purchased from local vegetable market. Other 
chemicals and reagents employed were of analytical grade and used 
without any further purification. 
2.2. Ammonium sulphate fractionation of white radish peroxidase 
proteins 
White radish (250 g) was homogenized in 500 mL of 50 mM 
sodium acetate buffer, pH 5.0. Homogenate was filtered through 
four-layers of cheesecloth. Filtrate was then centrifuged at the 
speed of 10,000 x g on a Remi C-24 Cooling Centrifuge for 20 min at 
4 °C. The obtained clear solution was subjected to salt fractionation 
by adding 10-90% (w/v) (NH4)2S04 [19]. The mixture was continu-
ously stirred overnight at4 °Cfor complete precipitation of proteins. 
The precipitate was collected by centrifugation at 10,000 xg on a 
Remi C-24 Cooling Centrifuge in 50 mM sodium acetate buffer, pH 
5.0 and dialyzed against assay buffer. This enzyme preparation was 
stored for further use. 
2.3. Immobilization of WRP on Celite 545 
Celite 545 (3g) was suspended in 50 mL of distilled water and 
stirred for 1 h at room temperature. The fine particles present in the 
suspension were removed by decantation and the similar procedure 
was repeated at least thrice [7]. The binding of soluble WRP (S-
WRP) on Celite-545 was carried out by incubating 1020 U of WRP/g 
of Celite 545 at 4°C overnight. WRP adsorbed on Celite 545 was 
crosslinked by 0.5% glutaraldehyde for 1 h at 4"C. Glutaraldehyde 
crosslinked WRP(l-WRP) was finally suspended in 15 mLof 50mM 
sodium acetate buffer, pH 5.0 and stored at 4 °C for further use [19). 
2.4. Measurement of peroxidase activity and protein estimation 
Peroxidase activity was measured by a change in optical den-
sity (A460 nm) at 37 C by determining initial rate of oxidation 
of 6.0mM o-dianisidine HCl in the presence of 18.0mM H2O2 in 
50 mM sodium acetate buffer, pH 5.0 for 15 min at 37' C [19]. Immo-
bilized WRP was continuously stirred for the entire duration of 
assay. The assay was highly reproducible with immobilized enzyme. 
One unit (l.OU) of peroxidase activity was described as the 
amount of enzyme protein that catalyzes the oxidation of 1.0 nmole 
of o-dianisidine HCl per min at 37 °C into colored product 
(Pm-30.000M-U-'). 
Protein concentration was estimated according to the procedure 
described by Lowry et al. [20]. BSA was used as a standard protein. 
2.5. Genera/ procedure for treatment of dyes using soluble and 
immobilized WRP 
Reactive dyes: Reactive Red (RR) 120 (lOOmg/L. A-max 511 nm) 
and Reactive Blue (RB) 171 (120 mg/L, Xmax 607 nm) were prepared 
in distilled water. 
Each dye (5.0 mL) was incubated independently with soluble 
and immobilized WRP (0.4 U mL"') in 50 mM sodium acetate buffer, 
pH 5.0 in the presence of 0.75 mM H2O2 for indicated time inter-
vals at 37 °C [21 ]. Redox mediators were added at concentrations 
specified in the text. All the experiments were performed under stir-
ring conditions using a shaking water bath. Dye decolorization was 
determined spectrophotometrically by monitoring the decrease in 
absorbance at the specific wavelength maximum (Amax) for each 
dye on Cintra lOe UV-vis spectrophotometer. The reaction was 
stopped by boiling at 100 °C for 5 min. Untreated dye solution (con-
taining all the reagents that are present in treated solutions except 
the enzyme) was used as control (100%) for the calculation of per-
cent decolorization. 
The parameter percent dye decolorization was defined as 
decolorization (%) = ^°~^' x 100 
AQ 
where AQ=absorbance of untreated dye and At = absorbance of the 
dye after treatment. 
2.6. Effect of different parameters on WRP catalyzed dye 
decolorization 
In order to check the effect of different redox mediators on decol-
orization, each dye (5.0 mL) was independently incubated with 
soluble and immobilized WRP (0.4UmL"') in the presence of an 
independent redox mediator (1.0 mM) and 0.75 mM H2O2 in 50 mM 
sodium acetate buffer. pH 5.0 for 1 h at 37 °C. 
In another experiment, each dye solution (5.0 mL) was incubated 
independently with WRP (0.4 UmL"') in the presence of vary-
ing concentrations of 1-hydroxybenzotriazole (HOBT)(0.1 -0.6 mM) 
and 0.75 mM H2O2 in 50 mM sodium acetate buffer, pH 5.0 for 1 h 
at37 C. 
Each dye solution (5.0 mL) was independently incubated 
with increasing concentrarions of soluble and immobilized WRP 
(0.2-1.0UmL-') in 50mM sodium acetate buffer, pH 5.0 in the 
presence of 0.75 mM H2O2 and 0.4 mM HOBT for 1 h at 37 °C. 
Each dye solution (5.0 mL) was independently treated with 
soluble and immobilized WRP (0.4UmL-') in the buffers of var-
ious pH (2.0-10.0) in the presence of 0.75 mM H2O2 and 0.4 mM 
HOBT for 1 h at 37 °C. The buffers used were glycine-HCl (pH 2.0 
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and 3.0), sodium acetate (pH 4.0 and 5.0). sodium phosphate (pH 
6.0-8.0) and Tris-HCl (pH 9.0 and 10.0). The molarity of each buffer 
was 50 mM. The percent decoiorization was calculated by taking 
untreated dye solution in each buffer as control and activity at pH 
5.0 as 100%. 
To monitor the effect of different temperatures on decoi-
orization, each dye (5.0 mL) was independently incubated with 
soluble and immobilized WRP (0.4UmL~') at different temper-
atures (20-80°C) under the conditions as mentioned above. The 
percent decoiorization was calculated by taking untreated dye solu-
tion at each temperature as control and activity at 40°C as 100%. 
Subsequent experiment was carried out where each dye solution 
(5.0 mL) was independently treated with soluble and immobilized 
WRP (0.4UmL-') in the presence of 0.75 mM H2O2 and 0.4mM 
HOBT in 50 mM sodium acetate buffer, pH 5.0 at 37 =C for varying 
times. 
To check the effect of sodium azide and HgCb on decoi-
orization, each dye solution (5.0 mL) was independently treated 
with soluble and immobilized WRP (0.4UmL-') in the presence 
of increasing concentrations of sodium azide (0.02-0.1 mM) and 
HgCl2 (1.0-5.0 mM), 0.75 mM H2O2 and 0.4 mM HOBT in 50 mM 
sodium acetate buffer, pH 5.0 at 37 °C for 1 h. The percent decoi-
orization was calculated by taking untreated dye solution (without 
sodium azide/HgCl2) as control (100%). 
Each dye solution (5.0 mL) was independently treated with 
soluble and immobilized WRP (0.4 UmL"') in the presence of 
increasing concentrations of water-miscible organic solvents: n-
propanol/DMF/DMSO (2.0-10.0%, v/v) keeping other conditions 
same as mentioned above. The percent decoiorization was calcu-
lated by taking untreated dye solution (without organic solvent) as 
control (100%). 
2.7. Treatment of reactive dyes in batch processes 
Decoiorization of the investigated reactive dyes was monitored 
in stirred batch process. Dye solutions: RR 120 (250 mL) and RB 
171 (250 mL) were treated independently with soluble and immo-
bilized WRP (40U) in the presence of 0.75 mM H2O2 and 0.4 mM 
HOBT for 4 h at 37 C under stirring conditions. Aliquots of dye solu-
tions during treatment were taken at indicated time intervals and 
monitored for decoiorization. 
2.8. Allium cepa test for WRP treated dyes 
The Allium cepa bioassay for the dye samples was carried out 
according to the method of Fiskesjo [22]. For this test small onions 
of equal size were taken and yellowish brown outer scales and 
brownish bottom plates were removed by using a sharp knife. Care 
was taken to maintain the ring primordial intact. Boiling tubes 
filled with control and treated dye samples consisting of WRP 
(0.4UmL-') m the presence of 0.75mM H2O2 and 0.4mM HOBT 
in 50 mM sodium acetate buffer, pH 5.0 were used to remain in 
contact with onion bulbs. Distilled water was used as control in all 
experiments, and the experiments were performed in dark condi-
tions. 
One onion was placed at the top of each tube with root primor-
dial downward touching the liquid. After a gap of 12 h the same 
samples were added in the respective tubes to fill up to the top 
and care was taken to prevent gap between onion bulb and sam-
ple present in the tube. The treatment was continued for 7 d. After 
completion of the time of treatment, onions were taken out and 
root length of each bulb was measured. Inhibition in the growth 
of Allium cepa roots was considered as an index for the degree of 
toxicity [22]. 
2.9. UV-vis spectral analysis of dyes treated with soluble and 
immobilized WRP 
Spectra for treated and control dye samples were taken on 
Cintra lOe UV-vis spectrophotometer. Dye decoiorization of the 
treated and control samples were determined by monitoring the 
absorbance in UV-vis range for each dye. 
2.J0. Treatment and spectral analysis of dye solutions treated 
through a continuous reactor 
A continuous reactor system was developed for the continu-
ous removal of RR 120 dye solution. A column (10cm x 2cm) was 
filled with immobilized WRP (750U). RR 120 solution containing 
0.75 mM H2O2 and 0.4 mM HOBT was continuously passed through 
the reactor at room temperature (30±2 °C). The flow rate of the 
column was maintained at 20 mL h"'. After every 5 d samples were 
collected and analyzed spectrophotometrically for the remaining 
color. A parallel control reactor was operated containing Celite 
without enzyme. Dye solution was passed through the continuous 
reactor system and samples were collected at a gap of 5 d for over 
1 month. 
Samples from the column outlet were collected and were ana-
lyzed spectrophotometrically for the remaining color at 511 nm. 
Spectra for control and I-WRP treated RR 120 solution in reactor 
were taken on Cintra lOe UV-vis spectrophotometer. 
2.11. Statistical analysis 
Each value represents the mean for three-independent experi-
ments performed in duplicates, with average standard deviations, 
<5%. The data expressed in various studies was plotted using Sigma 
Plot-10,0 and expressed as mean with standard deviation of error 
(±). Data was analyzed by one-way ANOVA. P-values <0.05 were 
considered statistically significant. 
3. Results 
3.J. Effect of different redox mediators on WRP catalyzed dye 
decoiorization 
Table 1 shows the effect of different redox mediators on WRP 
catalyzed dye decoiorization. Among the redox mediators tested 
for decoiorization, HOBT was found to be the most effective in 
decolorizing RR 120 to 67% and 81% by soluble and immobilized 
WRP and RB 171 to 56% and 76% by soluble and immobilized WRP. 
respectively. Syringaldehyde (SA), veratarylalcohol (VTA) and vio-
luric acid (VA) mediated less decoiorization of the investigated dyes 
as compared to HOBT. 
Table 1 
Effect of different redox mediators on WRP catalyzed decoiorization. 
Mediatoc 
*^ ^ ^ ' 
^ Decoiorization (*)^ , , 
* S-VVRP-/-' if-lt %feP •• -^  
V . •>- .^. ' ' • 
' ''RB 171 (Xna, 607)-
- S-WRf>^ * I-WRP "•• 
HOBT 
VA 
SA 
VTA 
0 
67 ±2.13 
47 ±1.44 
2 ±2.12 
0 
'2 ±1.21 
81 ± 1.45 
66 ± 1.26 
6 ± 1.68 
4 ± 2.13 
0 
56±2.16 
45 ±2.15 
8±1.87 
0 
1 ± 1.35 
76 ± 1.7B 
57 ± 2.14 
14 ± 1.67 
3 ± U 2 
All the investigated dyes (5.0 mL) were independently incubated with soluble and 
immobilized WRP (0.4 U ml"') in the presence of 10 mM of ~xh redox mediator and 
0.75 mM H2O2 in 50 mM sodium acetate buffer, pH 5 0 for 1 h at 37 °C. The percent 
decoiorization was calculated by taking untreated dye solution as control (lOOS). 
Each value represents the mean for three independent experiments performed in 
duplicates, with average standard deviations. <5% 
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Table 2 
Effect of enzyme concentration on WRP catalyzed decolorization. 
0.1 0.2 0,3 0.4 
HOBT(mM} 
0.5 0.6 
Fig. 1. Effect of HOBT on WRP mediated decolorization. Eacli dye solution {5.0 mL) 
was treated independently with soluble and immobilized WRP (0.4 UmL"') in 
50 mM sodium acetate buffer. pH 5.0 in the presence of increasing concentrations of 
redox mediator. HOBT (O.I-0.6 mM) and 0.75 mM H2O2 for 1 h at 37 "C. The percent 
decolorization was calculated by taking untreated dye solution as control (100%). 
3.2. Effect of HOBT concentration on WRP catalyzed dye 
decolorization 
The effect of increasing concentrations of HOBT on RR 120 and 
RB 171 is shown in Fig. 1. Decolorization of both dyes increased 
with increasing concentrations of HOBT. However, these dyes were 
decolorized maximally in the presence of 0.4 mM HOBT by both 
soluble and immobilized WRP. The observed decolorization for RR 
120 in the presence of 0.4 mM HOBT was 66% and 79% by soluble and 
immobilized WRP, respectively. However, soluble and immobilized 
WRP decolorized RB 171 to 62% and 74% under similar experimental 
conditions. 
3.3. Effect of enzyme concentration on reactive dye decolorization 
Both the investigated dyes were treated independently with 
increasing concentrations of soluble and immobilized WRP for 1 h 
at 37 C. Decolorization of the dyes was maximum in the presence 
of 0.4 UmL"' of soluble and immobilized WRP. Further addition of 
enzyme did not show any significant increase in the decolorization 
ofthe dyes (Table 2). 
3.4. Effect ofpH and temperature on WRP catalyzed dye 
decolorization 
RR 120 and RB 171 were treated independently with soluble and 
immobilized WRP in the buffers of different pH. Results revealed 
that WRP could decolorize dyes optimally at pH 5.0. However, as 
the pH of treated samples increased above 6.0, the extent of decol-
orization was decreased remarkably (Fig. 2). 
Fig. 3 demonstrates the effect of varying temperatures on 
the decolorization of reactive dyes by soluble and immobilized 
WRP. Both the dyes were decolorized maximally at 40 °C. How-
ever, there was not much difference in percent decolorization 
by l-WRP between temperatures 30-50 °C. Above and below 
these temperatures, the percent decolorization was markedly 
decreased. 
Enzyme concentration 
(UmL-') 
0.1 
02 
03 
0.4 ' - -
0.5* 
0 . $ - , . - -
0.7 -
0.8, . . .^ - • 
05-^ ^ - " 
1.0 
Decolorization {%) 
RR120(Am«511) 
S-WRP 
33 ± 1.72 
S3 ± 0.98 
57 ± 1.24 
64 ± 2.16 
66 ± 2.4S 
66 ± 1.42 
66 ± 2.47 
66 ± 1.68 
66 ± 1.76 
66 ± 2.17 
l-WRP 
45 ± 1.26 
68 ± 2.14 
74 i 1.86 
' 80 ± 1.62 
81 ± 1.58^ 
. SI ± 2.46 
81 ± 1.84 
-!> 81 ±1.22 
81 ± 2.36 
81 ± 1.49 
RB 171,(Ama 
S-WRP 
22 ± 1.67 
39 ± 2.65 
52 ± 1 3 8 
6A± 1.86 
65 ± 234 
65 ±'2,47 
65 ± 1.66 
65 ±,1.28 
65 ± 2.'22 ' 
65 ± 1.33 
607) 
l-WRP 
41 ± 1.42 
51 ± 2.18 
65 ± 2.24 
76 ± 1.48 
77 ± 2.16 
77 ± 2.16 
77 ± 1.32 
77 ± 0.86 
77 ± 1.58 
77 ± 1.24 
Each dye solution (S.OmL) was treated independently with increasing concentra-
tions of soluble and immobilized WRP (0.2-1.0 UmL"') in the presence of 0.4mM 
HOBT and 0.75 mM H2O2 in 50 mM sodium acetate buffer, pH 5.0 for 1 h at 37 C. 
The percent decolorization was calculated by taking untreated dye solution as con-
trol (100%). Each value represents the mean for three independent experiments 
performed in duplicates, with average standard deviations, <5%. 
3.5. Effect of time on WRP catalyzed dye decolorization 
Table 3 shows the effect of time on the decolorization of reactive 
dyes by soluble and immobilized WRP. Maximum decolorization 
of these dyes by soluble and immobilized WRP was obseri/ed 
within 1 h of incubation at 37 °C. However, no effective increase 
in decolorization was observed when the dyes were further incu-
bated for longer periods. At a given time period, dye solutions 
treated with I-WRP were decolorized to a greater extent as com-
pared to S-WRP under identical experimental conditions. Dye 
solutions decolorized by S-WRP after 1 h were RR 120 (66%), RB 171 
(65%): however. l-WRP decolorized RR 120 to 80% and RB 171 to 
74%. 
3.6. Effect of sodium azide on WRP catalyzed dye decolorization 
The effect of sodium azide on the decolorization of reactive dyes 
by soluble and immobilized WRP has been given in Table 4. Sodium 
azide exhibited no prominent negative effect on the decoloriza-
tion of dyes by l-WRP. However, decolorization by S-WRP decreased 
pH 
Fig. 2. Effect of pH on WRP mediated decolorization. Each dye solution (5.0 mL) was 
treated independently with soluble and immobilized WRP (0.4 U mL'') in buffers of 
various pH (2.0-10.0) in the presence of 0.75 mM H2O2 and 0.4 mM HOBT for 1 h 
at 37 • C. The molarity of each buffer was 50 mM. The percent decolorization was 
calculated by taking untreated dye solution at each pH as control and activity at pH 
5.0 as 100%. 
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Fig. 3. Effect of temperature on WRP mediated decolorization. Eacli dye solu-
tion (5.0 ml) was incubated independently with soluble and immobilized WRP 
(0.4 U m l - ' ) in the presence of 0.75 mM H2O2 and 0.4 mM HOBT in 50 mM sodium 
acetate buffer, pH 5.0 for 1 h at 20-80°C. The percent decolorization was calculated 
by taking untreated dye solution at each temperature as control and activity at 40 °C 
as 100%. 
3.7. Effect ofHgCt2 on WRP catalyzed dye decolorization 
Table 5 demonstrates the effect of HgCl2 on decolorization of the 
investigated dyes by soluble and immobilized WRP. Decolorization 
catalyzed by l-WRP was more resistant to inactivation caused by 
even 5.0 mM HgCb; decolorization observed for RR 120 was 74% 
and 57% for RB 171. However, the increased concentration of this 
heavy metal from 1.0 mM to 5.0 mM showed marked decreasing 
effect on the decolorization of dye solutions by S-WRP. Dye solu-
tions decolorized by S-WRP in the presence of 5.0 mM HgCl2 were 
30% RR 120 and 12% RB 171. 
3.8. EJJect of organic solvents on WRP catalyzed dye 
decolorization 
The effect of increasing concentrations of water-miscible organic 
solvents: n-propanol. DMFand DMSO (2.0-10.0%, v/v) on the decol-
orization of dye solutions by soluble and immobilized WRP has; 
been shown in Table 6. Dye decolorization was decreased in the 
presence of increasing concentrations of organic solvents. How-
ever, at all the above organic solvent concentrations, I-WRP showed 
remarkably very high resistance against denaturation mediated by 
these organic solvents. 
Table 3 
Effect of time on WRP catalyzed decolorization. 
Time (min) 
15 
30 
45 
60 
75 
90 
105 
120 
Decolorization {%) 
RR120(Xm,, 
S-WRP 
40 ± 2.78 
52 ± 1.89 
59 ± 2.12 
66 ±1.24 
66 i 1.78 
66 ± 2.36 
66 ± 1.46 
6 6 1 0 9 6 
511) 
l-WRP 
53 ± 2.18 
65 ± 1.65 
74 ± 1.54 
80 ± 187 
80 ± 2.24 
80 ± 1.67 
80 ± 1.49 
80 ± 2 29 
RB 171 (Xm„ 
S-WRP 
39 ±2 .89 
48 ± 1.43 
54 ± 1.62 
65 ± 1.86 
, , 65 ± 1.28 
65 ± 2.42 
65 ± 1.57 
65 i 2.14 
607) 
l-WRP 
57 ± 182 
eei:0.91 
70 ±1.74 
74 ± 1.62 
74 ± 1.64 
74 ± 2.53 
74 ± 1.45 
74 ± 1.58 
Each dye solution (5.0 mL) was treated with soluble and immobilized WRP 
(0.4 U mL"') in the presence of 0.75 mM HjOj and 0.4 mM HOBT in 50 mM sodium 
acetate buffer, pH 5.0 at 37 "C for varying times. The percent decolorization was cal-
culated by taking untreated dye solution as control (100*). Each value represents 
the mean for three independent experiments performed in duplicates, with average 
standard deviations, <S%. 
markedly with increasing concentrations of sodium azide. Dyes 
decolorized in thepresence of 0.1 mM sodium azide by S-WRP were 
RR 120 (31%) and RB 171 (30%), and by l-WRP were RR 120 (71%) 
and RB 171 (53%). 
3.9. Treatment of reactive dyes in batch process 
Treatment of dye solutions with soluble and immobilized WRP 
in stirred batch process at different time intervals in the presence of 
HOBT exhibited a significant loss of color (Table 7). It was observed 
that S-WRP could decolorize 75% RR 120 and 70% RB 171, whereas 
decolorization by l-WRP was 80% for RR 120 and 75% for RB 171 in 
60 min. Decolorization by S-WRP increased continuously with time 
only till 60 min. On the other hand, decolorization by l-WRP was 
continuously increased up to 120 min and it reached 89% for RR 120 
and 81% for RB 171. Incubation of dye solutions with l-WRP beyond 
120 min did not show any further enhancement in decolorization. 
3. JO. Determination of phytotoxicity of decolorized product 
In order to examine the toxicity of WRP decolorized product 
of reactive dyes, phytotoxicity experiment was performed using 
Allium cepa test with the used dyes and their decolorized product. 
Table 8 shows the growth of A. cepa roots in terms of length in cm 
and percent inhibition brought about by treated and untreated dye 
solutions. A cepa incubated with untreated RB 171 solution for 7 d 
showed 96% inhibition in root length. The average root length was 
recorded to be 0.20 cm compared to 5.0 cm in control while WRP 
treated RB 171 exhibited an inhibition of 90%. Minimum inhibition 
Table 4 
Effect of sodium 
Concentration 
of NaNa (mM) 
0.02 
0.04 
0.06 
0.08 
0.1 
azide on WRP catalyzed decolorization. 
Decoloiization(%) 
RR I20(AnMjc 
S-WRP 
48 ± 2.68 
44 ± 1.49 
39 i 2.69 
36 ± 1.28 
31 ± 1.97 
511) 
l-WRP -
71 ± 2.62 
71 ± 1.78 
71 ± 1.39 
71 ± 2.84 
71 ± 1.18 
'RB]71(A™„ 
S-WRP 
56 ± 0.88 
41 -± 1.76 
37 1 2.47 
34 ± 1.84 
30 ± 1.56 
607) ' • 
l-WRP-
66 ± 2.17 
63 ± 1.53 
58 ± 1.47 
53 ± 2.13 
S3 ± 2.8S 
Tables 
Effect of HgCl2 on 
Concentration 
ofHgClz (mM) 
1.0 
2.0 - -
3.0 
4.0 
5.0 
WRP catalyzed decolorization. 
Decolorization (%) 
"• ' RR120(Xma« 
', .S-WRP' . 
52 ± 1.29 
- 40 ± 2.49 
37 ± 0.99 
34 ± 1.68 
30 ± 2.17 
511) 
l-WRP 
74 ± 1.86 
74 ± 2.62 
74 ±1.73 
74 ± 1.69 
74 ± 2.58 
RB 171 (A™, 
S-WRP 
50 ±1.81 
43 ± 2.25 -
28 ± 2,47 
19 ± 1.36 
12 ± 1.82 
607) ' 
l-WRP 
62 ± 0.96 
62 ± 1.15 
62^:2.11 
62 ± 1.91 
57 ± 2.56 
Each dye solution (5.0 mL) was treated independently with soluble and immobi-
lized WRP (0.4 U mL"') in the presence of increasing concentrations of sodium azide 
(0.02-0.1 mM), 0.75 mM H2O2 and 0.4 mM HOBT in 50 mM sodium acetate buffer, 
pH 5.0 at 37 ^  C for 1 h.The percent decolorization was calculated by taking untreated 
dye solution as control (100%). Each value represents the mean for three independent 
experiments performed in duplicates, with average standard deviations, <5%. 
Each dye solution (5,0 mL) was independently treated with soluble and imm.3-
bilized WRP (0.4 UmL"') in the presenc of increasing concentrations of HgCb 
(1.0-5.0 mM), 0.75 mM H2O2 and 0.4 mM HOBT in 50 mM sodium acetate buffer, pH 
5.0at 37 =C for 1 h.The percentdecolorizatlon was calculated by taking untreated dye 
solution as control (100%). Each value represents the mean for three independent 
experiments performed in duplicates, with average standard deviations, <5%. 
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Table 6 
Effect of organic solvents on WRP catalyzed decolonzation 
Organic solvent Decolonzation (%] 
(*,v/v) 
n-Propanol DMF DMSO 
RR120 RB171 RRI20 RB171 RR120 RB17) 
S-WRP l-WRP S-WRP l-WRP S-WRP l-WRP S-WRP l-WRP S-WRP l-WRP S-WRP I-WRP 
2.0 
40 
6.0 
8.0 
10.0 
62 ± 1,34 
56 ± 2.IS 
45 ±2 64 
26 ±189 
80 ±2.82 59 ±2.14 78 ± 1.11 73 ± 1.8 81 ± 2.65/ 70 ± 2.67 80 ±1.89 73 ± 2.14 86 ±1.48 
77 ± 2.67 52'± 1 Jff 71 ± 1.82 66 ± 2.78 76 ±1.89 63 ± 2.43 •> 75 ± 2 J4 64 ± 2.12 81 ± 216 
72 ±1.85 47 ±2.42 65 ±2,89 59±1.57« 73*Z32 56 ± 1.56 68 ± 2.16 ^ 58 ± ).45 17 ±2.14. 
65 ± 1.43^  4J±a68Zi64,Z46 J a * 2.41 69,±;j.ia. 4^7v± PSif 60'± 1.84 SO ±1.98 72 ±-2.12 
70 ± 1.67 83 ± 2.83 
61 ±1.68 79 ±1:322 
§2 ±2.81 • 74 ± 0 5 5 
49,±1.43. 69 ±2,14 
52 i 2.86*" 3l-'#0?97*'^49i 1.73 *''41 l'l.26*/64''±€5f'**39112.89^-54^ 2.14 41 ± U ^ 68±'lS6 f s r f f 1.12f*''''62'±*f-;!'2 
Each dye solution (5 0mL) was independently treated with soluble and immobilized WRP (0.4U ml'') in the presence of increasing concentrations of organic solvents, 
n-propanol, DMI-, DMSO (2 0-100%, v/v) 0.75 mM HjOj and 0 4 mM HOBT in 50 mM sodium acetate buffer, pH 5 0 at 37 'C for 1 h The percent decolonzation was calculated 
by taking untreated dye solution as control (100%). Each value represents the mean for three independent experiments performed in duplicates, with average standard 
deviations, <5. 
Table 7 
Treatment of reactive dyes in 
Time(min) 
30 
60 
90 
120 
150 
180 
240 
batch process 
Decolonzation (%) 
RR120(J.™„511) 
S-WRP 
69 ± 1 9 4 
75 ± 1.47 
75 ± 2 4 6 
75 ± 185 
75 ± 2,46 
75 ± 218 
75 ± 1.89 
l-WRP 
72 ± 1 8 7 
80 ± 2 44 
84 ± 1.89 
89 ± 2.18 
89 ± 1.57 
89 ± 124 
89 ± 1.63 
RB171 (Xma. 
S-WRP 
62 ± 1.28 
70 ± 2 42 
70 ± 1,64 
70 ± 176 
70 ± 2,13 
70 ± 1.82 
70 ± 2.14 
607) 
l-WRP 
70 ± 148 
75 ± 119 
79 ± I 82 
81 ± 2.19 
81 ± 175 
81 ± 2 1 2 
81 ± 1.85 
Table 9 
Continuous removal of color from RR 120 in a continuous 
packed-bed reactor 
Dye solutions RR 120 (250mL) and RB 171 (250mL) were treated with solu-
ble and immobilized WRP (40 U) in the presence of 0.75 mM H2O2 and 04mM 
HOBT m 50 mM sodium acetate buffer, pH 5 0 for 4 h at 37 'C under stirring con-
ditions Aliquots of dye solutions were taken at indicated time intervals to monitor 
decolonzation The percent decolonzation was calculated by taking untreated dye 
solution as control (100%). Each value represents the mean for three independent 
experiments performed in duplicates, with average standard deviations, <5%. 
in root length was 78^ for WRP treated RR 120 product as compared 
to control. Untreated RR 120 exhibited 88% inhibition in root length. 
3 n. L/V-vis absorhance spectra of the dyes treated with soluble 
and immobilized WRP 
The UV-vis absorbance spectra of RR 120 solution before and 
after enzymatic treatment showed diminution in the peaks of 
treated dye samples in both UV and visible regions (Fig. 4). 
This diminution was quite marked in case of l-WRP treated RR 
120. 
Number of days 
5 
10 
15 
20 
25 
30 
Decolonzation (%) 
96 ± 1.78 
91 ± 2.12 
80 ± 1.32 
77 ± 1.63 
75 ± 2.64 
73 ± 114 
Each value represents the mean for three independent 
experiments performed in duplicates, with average stan-
dard deviations, <5% 
3.12. Performance of the continuous reactor 
The performance of the continuous reactor was demonstrated 
in terms of dye decoJorization and loss of chromophoric groups. 
RR 120 was quite effectively decolorized by the immobilized 
enzyme preparation present in the reactor. Spectrophotometnc 
analysis of l-WRP showed 73% decolonzation of the initial color 
from the dye solution after 1 month of operation of the reactor 
(Table 9). 
In order to confirm color removal by l-WRP present m contin-
uous reactor, some spectral analyses were also performed. Fig. 5 
shows the absorption spectra of treated and untreated RR 120 
with respect to the number of days of operation of the reactor. 
The diminution in absorbance peaks of treated samples in UV-vis 
regions was a clear evidence for the removal of color from the dye 
solution passed through the continuous reactor. 
4. Discussion 
Table 8 
Allium cepa test for WRP treated dyes. 
Name of dye 
RR 120 ^ 
RB171 
^^ Test solution 
-* Control 
, Untreated ^., 
•> Treated 
-'^ ', Untreated "« 
Treated 
Root length {cm) 
4o"i\3Z '" 
.^ 0&±0.79"r 
'1.1 ± 1.45 
0.20 ±4.14 •, 
, 0 5 ±2.11 
Inhibition (%) 
" '• '•"» '' k \ 
8 8 4 0 5 8 
7 8 ± 1.21 
96 ±1.24^ " 
90 ± 0.94 
Onion bulbs were placed at the top of each tube containing control and treated 
samples with root primordial downwards touching the liquid Distilled water was 
used as control for all the samples In order to prevent the gap between onion bulbs 
and the liquid, respective samples were added to each tube after a gap of 12 h The 
experiments were carried out for 7 d in dark Inhibition m the growth olAllium cepa 
roots with respect to control was considered as an index for the degree of toxicity 
Each value represents the mean for three independent experiments performed in 
duplicates, with average standard deviations, <5% 
One of the major problems concerning textile wastewaters is 
colored effluents. Although particularly not toxic, dyes have an 
adverse aesthetic effect because they are visible pollutants and thus 
reduce aquatic diversity by blocking the passage of light through 
water [23]. Owing to their many drawbacks, conventional meth-
ods are not very effective [24]. Therefore, search for an inexpensive, 
simple and applicable treatment system is the main area of inter-
est presently. Recently peroxidase based treatment of dyes has 
attracted the attention of environmentalists. Peroxidases in par-
ticular have been extensively studied and show many attractive 
properties for biocatalysis such as wide specificity, high stability 
in solution and easy accessibility from plant materials [12]. These 
enzymes have already been employed for the decolonzation of a 
number of water-soluble synthetic textile dyes [24,25]. Here, an 
effort has been made to use an inexpensive and partially purified 
WRP preparation for the treatment of reactive dyes following a s im-
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S-WRP treated 
l-WRP treated 
1 — 1 — I — I — i — I — \ — I — I — I — 1 — I — i — I — I — I — I — I — r 
225.0 250.0 275.0 300.0 325.0 350.0 375,0400.0 425.0450.0 475.0 5000 525,0 550.0 575.0 600.0825.0650.06750700.0 
Wave length (nm) 
Fig. 4. UV-vis absorption spectra of RR120. RR120 was treated independently witli soluble and immobilized WRP(0.4 U mL"') in the presence of 0.75 mM HjCh and 0.4 mM 
HOBT in 50 mM sodium acetate buffer. pH 5.0 for 1 h at 37°C Absorption spectra were monitored on Cintra lOe UV-vis spectrophotometer. Untreated dye solution was used 
as a control. Spectra for treated and untreated samples of RR 120 are labelled in the figure. 
pie and efficient immobilization procedure using an inorganic and 
non-biodegradable support, Celite. The dye solutions were found 
to be recalcitrant upon exposure to HOBT, H2O2, Celite or enzyme 
alone. Thus, decolorization was a result of redox mediated H2O2-
dependent enzymatic reaction. 
In this study, an experiment has been designed to screen WRP-
catalyzed dye decolorization mediating property of HOBT, VA, SA 
and VTA in the presence of H2O2 (Table 1). Among the investigated 
compounds, HOBT was found to have the best mediating effect 
on the decolorization of RR 120 and RB 171 catalyzed by WRP. Jt 
has been well described that the redox potential of enzymes varies 
depending on the source of the enzyme and nature of redox medi-
ator used for the degradation of a particular dye [18]. 
Several reports are available where the use of redox mediator-
enzyme system enhanced dye decolorization rate to several folds. 
However, these redox mediators were required in very high con-
centrations: 5.7 mM VA/laccase system, ll.OmM of HOBT/laccase 
system, 2.0 mM HOBT/laccase system and 2.0 mM HOBT/tumip 
peroxidase (TP) system [17,26,27]. Such high concentrations may 
be suitable for some processes, particularly in closed-loop sys-
tems where the mediator is retained. However, high concentrations 
may not be appropriate for applications, such as wastewa-
ter treatment processes where important considerations include 
the potentially prohibitive costs of mediators and the possi-
bility of creating negative impacts on effluent toxicity [28]. In 
this study, very low concentration of HOBT, 0.4 mM, has been 
c (3 
€ o </> 
< 
225. 
TTTTT 
0250.0 
II |i i i i [ i i i i [ i i i i | i i II | i irr| i i i i [ i i i i | II i i | i i i i | i II i|i i i i | rni ' | i i l l |'i in | I I H | I I M | I I 11 
275.0300.0325.0350.0375.0400.0425,0450.0475.0500,0525.0650.0575,0 600.0625.0650.0675.0700.0 
VWave Length (nm) 
Fig. 5. Absorption spectra of RR 120 treated in a continuous pacl(ed-bed reactor. RR 120 was treated as described in the text and the absorption spectra were recorded before 
and after treatment by l-WRP in the presence of HOBT. Spectra of the treated RR 120 samples collected after passing through the reactor on different days are labelled in the 
figure. 
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used to enhance the rate of WRP-catalyzed dye decolorization 
(Fig.1). 
The optimization of enzyme concentration was carried out 
to aim at high decolorization efficiency by WRP. A very low 
concentration of WRP (0.4UmL"') was sufficient for maximum 
decolorization of dyes; indicating high potential of plant per-
oxidases in the treatment of industrial wastewaters. Increase in 
enzyme concentration above this value showed no significant 
increase in decolorization (Table 2). In an earlier investigation, a 
similar observation has been reported where two-fold increase in 
concentration of HRP beyond 14.985UmL"' showed no signifi-
cant increase in decolorization of Remazol Turquoise G 133%. On 
the basis of such results, it can be concluded that optimization 
of enzyme concentration is of utmost importance because higher 
enzyme concentrations have been reported to show no significant 
influence on dye decolorization [29]. 
Enzymes have a characteristic pH at which they show maxi-
mum activity. Decolorization of the investigated reactive dyes by 
WRP was optimum at pH 5.0 and 40 'C (Figs. 2 and 3). This observa-
tion was in agreement with earlier studies where plant peroxidases 
could decolorize and degrade dyes maximally at acidic pH and low 
temperatures (21,27,30]. 
All the treated dyes were decolorized maximally within 1 h 
of incubation (Table 3). Incubation beyond this time period did 
not result in any further enhancement of decolorization. It was 
observed that RR 120 and RB 171 were easily oxidized; however, 
RR 120 was decolorized to the greatest extent. This was also evi-
dent from the observation that RR 120 was decolorized to a greater 
extent within 30min in batch process. It has been reported that 
decolorization rate varies, depending upon the type of dye to be 
treated [31). 
A number of studies have already been performed on the 
inhibitory effect of several compounds on peroxidases where 
sodium azide has been shown to be a potent inhibitor of many 
hemeprotein-catalyzed reactions (19,32). However, immobiliza-
tion of enzymes increases their structural rigidity and provides 
enhanced resistance to inactivation induced by variations in the 
environment. In this study, sodium azide showed no marked nega-
tive effect on decolorization of the dye solutions catalyzed by I-WRP 
(Table 4). 
Effluents from textile industries contain heavy metals. Thus, 
it becomes necessary to evaluate the effect of heavy metals on 
enzyme-catalyzed decolorization of dyes. The inhibition of I-WRP 
by HgCl2 was quite low as compared to the soluble enzyme. Thus 
I-WRP could be exploited to treat aromatic pollutants present in 
industrial effluents even in the presence of heavy metals. Metals 
induce conformational changes in enzymes. However, peroxidases 
remain active even in the presence of a number of metal ions, as 
part of their detoxifying role (33,34]. 
Some workers have also described that the stabilization of 
immobilized enzymes against various forms of water-miscibie 
organic solvents could possibly be due to low water requirement or 
enhanced rigidity of the enzyme structure (7,15 j . Recently, Wanget 
al. [ 13 ] have demonstrated that crosslinking by glutaraldehyde not 
only maintained the native state of hemoglobin in H2O2 biosensor 
but also enhanced the structural rigidity of the protein. Thus, pro-
teins with structural rigidity are more resistant to variations of the 
environment. 
It was observed that an incubarion period of 1 h was sufficient for 
maximum decolorization of dyes in a batch process by S-WRP and 
no further increase in decolorization was observed on incubation 
for longer periods. This could be due to end product inhibition of S-
WRP. However. 1-WRP was able to decolorize dyes more efficiently 
as compared to S-WRP. Decolorization by I-WRP increased with 
increasing time and attained maximum decolorization in 120 min 
(Table 7). 
In order to confirm the removal of aromatic compounds from 
the WRP treated dye solutions in the presence of redox media-
tors, spectral analyses were also performed as shown in Fig. 4. The 
decrease in absorbance was a clear indication of dye decolorization 
and loss of chromophoric groups from the solution. Although toxic-
ity of the treated samples was reduced as compared to the untreated 
samples, certain extent of toxicity still persisted (Table 8). Such an 
extent of detoxification by peroxidase has also been reported ear-
lier (35]. Abadulla et al. (36] found that the toxicity of several dyes, 
including azo compounds, was reduced after enzyme treatment, 
although there was no strict correlation between decolorization 
and detoxificarion. In another study, although HOBT addition led to 
96% decolorization, the detoxification was somewhat less effective 
(37]. Such biological tests are necessary to evaluate the pollution in 
effluents or water bodies and serve to determine the toxic potential 
of aromatic pollutants (38). 
A packed-bed reactor containing I-WRP was operated for con-
tinuous removal of color from RR 120 dye solution. The reactor 
operated without any operational problem and showed significant 
color removal efficiency for the entire period of operation (Table 9). 
The measurement of decolorization of dye by 1-WRP in a reactor 
system was further supported by UV-vis spectral analyses (Fig. 5). 
Significant loss of color in UV-vis region with respect to number of 
days in a continuous reactor system indicated the suitability of this 
system to treat huge volumes of effluents. 
5. Conclusions 
Here, it can be concluded that 1-WRP has more potential in the 
decolorization of dyes even in the presence of sodium azide, HgCl2 
and organic solvents. I-WRP was better suited for the decoloriza-
tion/removal of colored compounds from dye solutions in batch 
process as well as in a continuous reactor. These observations may 
provide a reasonable basis for the application of peroxidase that 
is easily available, inexpensive and efficient at low concentration 
in the development of an effective biotechnological process for the 
removal of colored pollutants from textile effluents at large scale. 
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Phenol-mediated decolorization and removal of disperse dyes by bitter gourd 
{Momordica charantia) peroxidase 
Rukhsana Satar and Qayyum Husain* 
Department of Biochemistry, Faculty of Life Sciences, Aligarh Muslim University, Aligarh-202002, UP, India 
(Received 17 February 2009; Accepted 10 August 2009) 
Salt-fractionated bitter gourd {Momordica charantia) proteins were employed for the decolorization of disperse dyes 
in the presence of H2O2. The effect of various experimental conditions such as concentration of enzyme, H2O2 
phenol, reaction time, pH and temperature on the decolorization of dyes was investigated. Dyes were recalcitrant to 
the decolorization catalysed by bitter gourd peroxidase. However, these dyes were decolorized significantly in the 
presence of a redox mediator, phenol. Bitter gourd peroxidase (0.215 U/mL) could decolorize about 60% of Disperse 
Red 17 in the presence of 0.2 mM phenol, whereas Disperse Brown 1 was decolorized by only 40% even in the 
presence of 0.4 mM phenol. Maximum decolorization of dyes was achieved in the presence of 0.75 mM HjOj in a 
buffer of pH 3.0 and 40 °C within 30 min. The A:„ values obtained were 0.625 mg/(Lh) and 2.5 mg/(Lh) for Disperse 
Red 17 and Disperse Brown 1, respectively. In all the experiments. Disperse Brown 1 was found to be more 
recalcitrant to decolorization catalysed by bitter gourd peroxidise, as compared to Disperse Red 17. 
Keywords: decolorization; disperse dyes; Momordica charantia; peroxidase; phenol 
Introduction 
Synthetic dyes are extensively used in various indus-
tries such as textile, paper, printing, leather, cosmetics 
and pharmaceuticals [1]. Between 10% and 50% of the 
total dyes used in the dyeing process are foimd in dye-
bath effluent. The presence of this high concentration 
of dyes in effluents has attracted the attention of envi-
ronmentalists because of the toxicity of many azo dyes 
to aquatic life and mutagenicity to humans [2-4]. 
Disperse dyes are of great environmental concern 
because of their widespread use for dyeing polyester 
fabrics, their hydrophobic nature, their degradation 
products and their low removal during aerobic waste 
treatment [5]. Decolorization of effluents containing 
organic colourants/dyes occurs when -C=C-, -N=N-
and heterocyclic and aromatic rings are cleaved [6]. 
Many physical, chemical and biological methods have 
been developed for the treatment of dye-containing 
effluents, but these methods have many drawbacks 
such as high cost, production of solid waste and toxic 
products, their recalcitrant nature and disposal prob-
lems, and most often, the dyes are not completely 
degraded [7]. 
Recently, a great deal of research has been directed 
towards the separation, isolation and testing of enzymes 
as an alternative strategy to conventional chemical 
and physical methods for the treatment of effluents 
containing dyes [4,8-12]. Several microbial and plant 
peroxidases have been exploited for the decolorization 
and degradation of dyes [13-16]. 
These enzymes catalyse substrate oxidation by a 
mechanism involving free radical formation [5,13]. 
Enzymes, in general, involve chemical reactions based 
on the action of biological catalysts; hence, such 
systems fall between the two categories of chemical and 
biological processes [6]. From a practical point of view, 
the use of enzymes in vitro for the treatment of 
industrial effluents may represent a more feasible 
system. The use of enzymes offers considerable 
advantages such as simplicity and applicability, 
minimal requirements of compounds, short treatment 
periods and cost-effectiveness [11,17]. 
Investigations have shown that usually enzymes 
alone cannot decolorize dyes efficiently. However, the 
presence of redox mediators facilitates decolorization 
of dyes to a great extent [11,14]. The application of 
enzyme-redox mediator systems for the treatment of 
dye-containing industrial effluents has been well 
documented [14-16,18]. Enzyme preparations can be 
easily standardized to facilitate accurate dosage and can 
be rapidly modified according to the character of the 
dye or dyes to be removed. 
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The objective of this study was to develop a cost-
effective enzymatic system to treat water-insoluble 
disperse dyes: Disperse Red 17 (DR 17) and Disperse 
Brown 1 (DB 1) under different operational conditions 
using partially purified bitter gourd {Momoi-dica 
charantia) proteins. The role of phenol as a redox medi-
ator in the catalytic decolorization of disperse dyes by 
bitter gourd peroxidase (BGP) was also investigated. 
Materials and methods 
Materials 
Disperse Red 17 and Disperse Brown 1 were the prod-
ucts of Atul Chem. Co. (Valsad, Gujarat, India). Bovine 
serum albumin (BSA) and o-dianisidine HCl was 
obtained from Sigma Chemical Co. (St. Louis, MO, 
USA). Ammonium sulphate and Tween 20 were 
obtained from SRL Chemicals (Mumbai, India). Phenol 
was procured from Qualigens Fine Chemicals 
(Mumbai, India). Bitter gourd was purchased from the 
local vegetable market. Other chemicals and reagents 
employed were of analytical grade and used without 
any further purification. 
Ammonium sulphate fractionation of bitter gourd 
proteins 
Bitter gourd (250 g) was homogenized in 500 mL of 0.1 
M sodium acetate buffer at pH 5.5. The homogenate 
was filtered tlu-ough four layers of cheesecloth. The 
filtrate was centrifuged at the speed of 10,000 x g on a 
Remi C-24 Cooling Centrifiige for 20 min at 4 °C. The 
obtained clear solution was subjected to salt fraction-
ation by adding 0-80% (w/v) (NH4)2S04. The mixture 
was continuously stirred overnight at 4 °C for complete 
precipitation of proteins. The precipitate was collected 
by centrifugation at 10,000 x g on a Remi C-24 Cooling 
Centrifuge in 0.1 M sodium acetate buffer (pH 5.5) and 
dialyzed against the same buffer [10]. This enzyme 
preparation was stored at 4 °C until further use. 
Preparation and treatment of synthetic dye solutions 
The disperse dyes DR 17 {\^^ 510 nm) and DB 1 (K„^ 
460 nm) were solubilized using 0.025% (v/v) Tween 
20 prepared in 0.1 M glycine-HCl buffer (pH 3.0) [16]. 
Figure 1 shows the correlation curves between the 
absorbance and the concentrations of dyes used. 
DR 17 (25 mg/L, 5.0 mL) and DB I (50 mg/L, 
5.0 mL) were independently incubated with BGP 
(0.215 U/mL) in 0.1 M glycine-HCl buffer (pH 3.0) in 
the presence of 0.75 mM HjOj (from 18 mM HjOj 
stock solution; 0.2 mL of HjOj was added to 5.0 mL 
reaction mixture) for indicated times at 37 °C [16]. 
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Figure 1. Correlation curves between the absorbance and 
the dye concentration. Dye solutions exhibiting absorbance 
in the range 0.43 ± 2.36 were selected corresponding to 
25 mg/L and 50 mg/L of DR 17 and DB 1, respectively. 
Diluted BGP (200x) was prepared from an undiluted 
preparation exhibiting an enzyme activity of 661.5 U/ 
mL and, from this 200x diluted BGP sample, 65 ^L 
(0.215 U/mL) was added to 5.0 mL reaction mixture. 
The redox mediator, phenol, was added at concentra-
tions specified in each section. The stock solution used 
for phenol was 5.0 mM. The reaction was stopped by 
boiling in a water bath for 5 min so as to inactivate the 
enzyme and record the appropriate values. Insoluble 
precipitate was removed by centrifugation at 3000 x g 
for 5 mm to avoid interference in the measurement of 
absorbance. Dye decolorization was determined spec-
frophotometrically by monitoring the decrease in absor-
bance at the specific maximum wavelength (k^^ for 
each dye on a Cintra lOe UV-visible spectrophotome-
ter. Untreated dye solution (containing all the reagents, 
except the enzyme, that are present in treated solutions) 
was used as control (100%) for the calculation of 
percent decolorization. The percent dye decolorization 
was defined as: 
• = ^ " ^ ' x l O Q 
where r is decolorization percent (%), A„ is 
absorbance of the untreated dye. A, is absorbance after 
treatment [16]. 
Each value represents the mean for three independent 
experiments performed in duplicate, with average 
standard deviations, which were <5%. 
Effect of phenol on BGP-catalysed dye decolorization 
Each dye solution (5.0 mL) was independently 
incubated with increasing concentrations of phenol 
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(0.02-0.6 mM) in the presence of BGP (0.215 U/mL) 
and 0.75 mM HjOj in 0.1 M glycine-HCl buffer, pH 
3.0, for 30 min at 37 °C. The decrease in intensity of 
colour was recorded as mentioned above. 
EJfect of enzyme concentration on dye decolorization 
Each dye solution (5.0 mL) was incubated indepen-
dently with increasing concentrations of BGP (0.026-
0.26 U/mL) in 0.1 M glycine-HCl buffer, pH 3.0, in 
the presence of 0.75 mM HjO^ for 30 min at 37 °C. 
Phenol, at a concentration of 0.2 mM (0.2 mL of 5.0 
mM stock solution was added to 5.0 mL reaction 
mixture) and 0.4 mM (0.4 mL of 5.0 mM stock solu-
tion was added to 5.0 mL reaction mixture), was used 
as a redox mediator for DR 17 and DB I, respectively. 
The decrease in intensity of colour was recorded as 
mentioned above. 
Effect ofpH on BGP-catalysed dye decolorization 
The dye solutions were prepared in the buffers of 
different pH values (2.0-10.0). The buffers used were 
glycine-HCl (pH 2.0 and 3.0), sodium acetate (pH 4.0 
and 5.0), sodium phosphate (pH 6.0-8.0) and Tris-HCl 
(pH 9.0 and 10.0). The molarity of each buffer was 0.1 
M. Each dye (5.0 mL) was treated independently with 
BGP (0.215 U/mL) in the buffers with various pHs 
(2.0-10.0) in the presence of 0.75 mM HjO^ for 30 min 
at 37 "C. Decolorization of DR 17 and DB 1 was 
performed in the presence of 0.2 mM and 0.4 mM 
phenol, respectively. Dye decolorization was monitored 
at the respective X^^ for each dye. The percent 
decolorization was calculated by taking untreated dye 
solution in each buffer as control, and activity at pH 3.0, 
as 100%. 
different temperatures (2O-80°C) for 30 min. Phenol 
was used as a redox mediator as mentioned above. The 
decolorization of dyes was monitored at the respective 
X^^ for each dye. The per cent decolorization was 
calculated by taking untreated dye solution at each 
temperature as control, and activity at 40 °C, as 100%. 
Effect of time on BGP-catalysed decolorization 
Each dye solution (5.0 mL) was treated independently 
with BGP (0.215 U/mL) in the presence of 0.75 mM 
H2O2 in 0.1 M glycine-HCl buffer (pH 3.0) at 37 °C for 
varying times. Phenol was used as a redox mediator. 
The dye decolorization was monitored at the respective 
X^^ for each dye. 
Determination ofK^ and V„^ of BGP with respect to 
the tested dyes 
For the calculation of kinetic parameters, km and 
Vmax, mitial rate of enzymatic dye degradation was 
measured at various concentrations of the dyes. Each 
solution (5.0 mL), having different dye concentrations 
ranging from 0.1-1.0 mg/L (0.1-0.5 mg/L for DR 17 
and 0.2-1.0 mg/L for DB 1), were treated with BGP 
(0.215 U/mL) in the presence of 0.75 mM H^O, in 0.1 
M glycine-HCl buffer (pH 3.0) at 37 °C for 3"o min. 
Phenol was used as a redox mediator. 
UV-visible spectral analysis 
Each dye solution (5.0 mL) was treated independently 
with BGP as mentioned in the text. The insoluble prod-
uct was removed by centrifiigation. The spectra of the 
treated and untreated dye samples were recorded on a 
Cintra 10<? UV-visible spectrophotometer. 
EJfect ofH202 on BGP-catalysed dye decolorization 
Each dye solution (5.0 mL) was incubated indepen-
dently with increasing concentrations of HjOj (0.15-1.5 
mM) in 0.1 M glycine-HCl buffer (pH 3.0) in the pres-
ence of BGP (0.215 U/mL) for 30 min at 37°C. Phenol 
was used as a redox mediator. The decolorization of 
dyes was monitored at their respective X^.^. The percent 
decolorization was calculated by taking untreated dye 
solution, containing all the reagents except HjOj, as 
control (100%). 
Measurement of peroxidase activity 
Peroxidase activity was determined by a change in 
optical density (A^^ nm) at 37 °C by measuring the 
initial rate of oxidation of 6,0 mM o-dianisidine HCl in 
the presence of 18.0 mM H,0, in 0.1 M glycine-HCl 
buffer (pH 3.0) for 15 min at 37 °C [10]. 
One unit (1.0 U) of peroxidase activity was defined 
as the amount of enzyme protein that catalysed the 
oxidation of 1.0 Jtmole of o-dianisidine HCl per minute 
at 37 °C. 
Effect of temperature on BGP-catalysed dye 
decolorization 
Each dye solution (5.0 mL) was independently incu-
bated with BGP (0.215 U/mL) in the presence of 0.75 
mM H2O2 in 0.1 M glycine-HCl buffer (pH 3.0) at 
Protein estimation 
Protein concentration was measured by the procedure 
described by Lowry et al. [19]. BSA was used as a 
standard protein. 
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Statistical analysis 
Each value represents the mean for three independent 
experiments performed in duplicate, with average stan-
dard deviations, which were <5%. The data expressed 
in various studies was plotted using Sigma Plot-10.0 
and expressed as mean with standard deviation of error 
(±). Data was analysed by one-way ANOVA. P-values 
<0.05 were considered statistically significant. 
Results 
Effect of enzyme concentration on dye decolorization 
Disperse dyes DR 17 and DB 1 were treated indepen-
dently with increasing concentrations of BGP for 
30 min at 37 °C. The decolorization of these dyes was 
continuously enhanced by adding increasing concentra-
tions of BGP. However, in the presence of 0.215 U/niL 
of BGP, DR 17 and DB 1 were decolorized maximally 
to 59% and 38%, respectively. Further addition of the 
enzyme did not show any significant increase in the 
decolorization of dyes (Figure 2). 
Effect of phenol on BGP-catafysed dye decolorization 
The effect of increasing concentrations of phenol on DR 
17 and DB 1 is shown in Figure 3. Decolorization of 
these dyes was increased with increasing concentrations 
of phenol. However, DR 17 was decolorized maxi-
mally, 59%, in the presence of 0.2 mM phenol, whereas 
0.4 mM phenol was required for the maximum decolori-
zation, 38%, of DB 1. Above these concentrations of 
phenol, there was no more increase in the decolorization 
of the respective dyes. 
0.05 0.10 0.15 
Enzyme (U/ntiL) 
0 20 0.25 
Figure 2. Effect of enzyme concentration on dye decolori-
zation. Each dye solution (5.0 mL) was treated independently 
with BGP (0.026-0.26 U/mL) in 0.1 M glycine-HCl buffer 
(pH 3.0) at 37 °C in the presence of 0.75 mM HjOj using 
phenol as redox mediator, as mentioned in the text. 
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Figure 3. Effect of phenol on BGP-catalysed dye decolori-
zation. Each dye solution (5.0 mL) was incubated indepen-
dently with 0.02-0.6 mM phenol in the presence of BGP 
(0.215 U/mL) and 0.75 mM HjOj •" 0.1 M glycine-HCl 
buffer (pH 3.0) for 30 min at 37 °C. 
Effect ofpH on BGP-catalysed dye decolorization 
Both dyes were treated with BGP (0.215 U/raL) in the 
buffers of different pH values (2.0-10.0). The results 
revealed that BGP could decolorize the dyes efficiently 
in the acidic pH range (3.0-6.0). Both DR 17 and DB 1 
were maximally decolorized at pH 3.0. Flowever, as pH 
of the treated sample was increased above 6.0, the 
extent of dye decolorization decreased remarkably 
(Table 1). 
Effect ofH202 on BGP-catalysed dye decolorization 
The percent dye decolorization continuously increased 
with increasing concentrations of HjOj until the maxi-
mum decolorization was reached in the presence of 0.75 
Table 1. Effect of pH on BGP-catalysed dye decolorization. 
Decolorization (%) 
pH 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 
10.0 
DR17 
16.4312.45 
58.8912.65 
55.2811.87 
50.3712.32 
40.44+ 1.63 
20.9611.89 
8.3512.45 
1.2112.65 
2.3911.58 
DB 1 
13.6711.68 
40.3512.72 
38.2111.96 
34.7912.31 
29.2711.64 
27.2911.85 
23.7812.68 
0.00 
0.00 
Each value represents the mean for three independent experiments 
performed in duplicate, with average standard deviations, which 
were <5%. 
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Figure 4. Effect of H^Oj on BGP-catalysed dye decoloriza-
tion. Each dye solution (5.0 mL) was incubated independently 
with HjOj (0.15-1.5 mM) in 0.1 M glycine-HCi buffer 
(pH 3.0) in the presence of BGP (0.215 U/mL) for 30 min at 
37 °C. Phenol was used as a redox mediator as mentioned in 
the text. 
mM HjO,. As the concentration of H2O2 was further 
increased, a slow decline in percent decolorization was 
observed (Figure 4). There was no change in control. 
Effect of temperature on BGP-catalysed dye 
decolorization 
Figure 5 demonstrates the effect of different tempera-
tures on the decolorization of DR 17 and DB 1. These 
dyes were decolorized maximally at 40 °C. Above and 
below this temperature optimum, the percent dye decol-
orization decreased. However, no marked difference in 
decolorization was observed between 37 °C and 40 °C. 
Thus, all the experiments were performed at 37 °C. 
Effect of time on BGP-catalysed decolorization 
Figure 6 shows the effect of time on the decolorization 
of DR 17 and DB 1. Maximum decolorization of the 
dyes was observed within 30 min at 37 °C. However, no 
effective increase was observed when the dyes were 
fiirther incubated for a longer time. Disperse Red 17 
was decolorized by 50% within 15 min, whereas 
decolorization of DB 1 was quite low under similar 
experimental conditions. 
Determination ofK„ and F„^ of BGP with respect to 
the used dyes 
Kinetic parameters of the enzyme for the used dyes 
were calculated by performing an experiment with 
different dye concentrations. The plot of initial reaction 
rate vs. dye concentrations for both the disperse dyes 
followed the hyperbolic pattern as expected according 
to the Michaelis-Menten kinetics (data not given). 
Moreover, the Linewcavcr-Burk plots of DR 17 and DB 
1 were also found to be linear. The values of V,^ esti-
mated from the data were 5 mg/(L-h) and 0.55 mg/(Lh) 
for DB 1 and DR 17, respectively (Figures 7a and 7b). 
The K„ value was lower for DR 17 (0.625 mg/L) than 
for DB 1 (2.5 mg/L). 
UV-visible absorbance spectra of the dyes 
The UV-visible absorbance spectra of DR 17 and DB I 
are shown in Figures 8a and 8b, respectively. The 
Temperature (X) 
Figure 5. Effect of temperature on BGP-catalysed dye de-
colorization. Each dye solution (5.0 mL) was incubated with 
BGP (0.215 U/mL) and 0.75 nM HjOj in 0.1 M glycine-HCl 
buffer (pH 3.0) at 20-80 "C for 30 min. Phenol was used as 
a redox mediator as mentioned in the text. 
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Figure 6. Effect of time on BGP-catalysed dye decoloriza-
tion. Each dye solution (5.0 mL) was treated with BGP 
(0.215 U/mL) in the presence of 0.75 mM Wf)^ in 0.1 M gly-
cine-HCl buffer (pH 3.0) at 37 °C for varying times. Phenol 
was used as a redox mediator as mentioned in the text. 
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Figure 7. Lineweaver-Burk plot of BGP-catalysed decol-
orization of (a) DR 17 and (b) DB 1. DR 17 (0.1-0.5 mg/L) 
and DB 1 (0.2-1.0 mg/L) were independently incubated with 
0.215 U/mL ofBGP and 0.75 mM H2O2 in 0.1 M glycine-
HCl buffer (pH 3.0) at 37 °C for 30 min. Phenol was used as 
a redox mediator. 
diminution in the peak of the treated dye samples in 
both the UV and visible regions took place because of 
the removal of dyes in the form of an insoluble precipi-
tate after treatment with BGP. 
Discussion 
Decolorization of wastewater containing coloured 
effluents is of great environmental concern [3,4]. 
Although diverse biological and physico-chemical 
methods have been employed, no simple solution is 
available for this purpose. The conventional methods 
are very costly and time-consuming, and sometimes 
create an accumulation of sludge [9]. A search for 
simple, cost-effective and applicable enzyme-based 
treatment systems is now in progress [13-15,20]. In 
this study, an effort has been made to use a partially 
purified BGP preparation for the decolorization of 
disperse dyes by using a very simple protocol without 
the implications of high cost. Additional advantages of 
using BGP, rather than peroxidases from other 
sources, are its easy availability, cost-effectiveness and 
significantly higher stability which is very well 
documented [21,22]. 
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Figure 8. UV-visible absorbance spectra of (a) DR 17 and 
(b) DB 1. Dyes were treated as described in the text and their 
absorption spectra were recorded on a Cintra lOe UV-visible 
spectrophotometer using untreated dye solution as control. 
The effects of different operational parameters on 
the activity of BGP have already been reported [23,24]. 
In these studies, ahhough soluble BGP retained lower 
activity, compared with immobilized BGP, the values 
retained by the soluble enzyme were significant 
enough for its direct implication in the decolorization 
process. These findings indicated the efficacy of BGP 
action on dye decolorization under various experimen-
tal conditions. The dye solutions were found to be 
recalcitrant upon individual exposure to phenol, HjO, 
and enzyme, and upon exposure to enzyme/HiOj or 
enzyme/phenol together. Thus, decolorization was a 
resuh of a phenol-mediated HiOj-dependent enzymatic 
reaction. 
The concentration of enzyme plays an important 
role in the decolorization of dyes. The optimization of 
enzyme concentration was carried out with the aim of 
achieving high decolorization efficiency by BGP. A 
very low concentration of BGP (0.215 U/mL) was suffi-
cient for maximum decolorization of dyes, indicating 
the high potential of plant peroxidases in the treatment 
of industrial wastewaters. An increase in enzyme 
concentration above this value showed no significant 
effect on the decolorization of dyes (Figure 2). In eariier 
studies, similar observations have been reported where 
an increase in BGP concentration to several times 
beyond the maximal level showed no enhancement to 
the decolorization of dyes [16,25,26]. 
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Bitter gourd peroxidase could decolorize both the 
dyes maximally in the presence of a redox mediator, 
phenol (Figure 3). Earlier reports also indicated that 
enzymes alone were not able to decolorize dyes, but the 
decolorization rate was enhanced several times in the 
presence of redox mediators [14-18]. Recently it has 
been reported that several phenolic compounds acted as 
efficient redox mediators in the treatment of dyes and 
other ai'omatic compounds [11,27,28]. The addition of 
both peroxide and peroxidase to an aqueous solution 
containing certain phenols and aromatic amines has 
long been recognized to cause colour changes and 
precipitation of the aromatic compounds. Klibanov and 
Morris [29] have reported that the presence of more 
than one organic substance greatly increased the precip-
itation of substances that do not precipitate efficiently in 
the absence of other organic substances. 
The enzyme showed maximum decolorization of 
DB 1 and DR 17 at pH 3.0 (Table 1). It has eariier been 
reported that the degradation of industrially important 
dyes by enzymes such as horseradish peroxidase, 
polyphenol oxidase, BGP, manganese peroxidase and 
laccase was also maximum in the buffers of lower pH 
[3,8,10,16]. 
Optimum decolorization of these dyes was obtained 
in the presence of 0.75 mM HjOj (Figure 4), and this 
observation was in agreement with the work using soya 
bean peroxidase [30], BGP [10,16] and turnip peroxi-
dase [14,17]. A concentration of HjOj greater than 0.75 
mM acted as an inhibitor of peroxidase activity by irte-
versibly oxidizing the enzyme ferri-heme group essen-
tial for peroxidase activity [31]. All heme proteins, 
including peroxidases, are inactivated (suicide inactiva-
tion) in the presence of catalytic concentrations of 
hydrogen peroxide [32]. Ahhough the inactivation 
mechanism is not completely explained, several events 
such as heme destruction, intermolecular cross-linking 
and oxidation of low redox potential amino acid resi-
dues are known to lead to the loss of activity [33]. 
In the dye decolorization process, temperature is one 
of the main factors. In this study, maximum decoloriza-
tion of both dyes was observed at 40 °C (Figure 5). 
Akhtar et al. [10] have already reported 40 °C as the 
optimum temperature for the decolorization of various 
reactive dyes by BGP. Although maximal dye decolori-
zation was obtained at 40°C, other experiments were 
conducted at 37 °C. This pattern has also been followed 
by earlier workers as there is no marked difference 
between the values at 37 °C and 40 °C [34]. In case of 
DB 1, there was a marked difference in decolorization 
at 30 °C and 40 °C; however the difference was small 
between 37 °C and 40 °C. 
Disperse Red 17 and Disperse Brown 1 were 
maximally decolorized within 30 min (Figure 6). This 
observation was in agreement with the previous finding 
where the highest decolorization was attained within 
5 to 30 min depending upon the type of dye to be treated 
[11]. It was observed that DR 17 was easily oxidized. A 
possible reason for this observation is the fact that DR 
17 is a methyl substituted dye [35]. The low decoloriza-
tion of DB 1 could be attributed to its closely packed 
molecular structure, which is stabilized by the multiple 
intramoleculer hydrogen bonds together with the 
repulsive forces between CI atoms [36]. The K„, value 
was lower for DR 17 than for DB 1 (Figure 7). It 
showed the higher affinity of the enzyme for DR 17. 
This was also evident from the observation that, in the 
presence of only 0.2 mM phenol, DR 17 was decol-
orized to a greater extent than DB 1 within 15 min. 
However, DB 1 required 0.4 mM phenol and decolori-
zation rate was also found to be slow. These observa-
tions were in agreement with those reported by Satar 
and Husain [16]. The efficiency of the enzyme-mediator 
system in removing colour/aromatic compounds from 
solutions was confirmed by UV-visible spectral analy-
sis of control and treated samples of DR 17 and DB I as 
shovra in Figure 8. 
Conclusion 
Industrial wastewater contains a variety of aromatic 
pollutants, many of which do not precipitate efficiently 
imless other aromatic pollutants are present. The use of 
peroxidase in conjunction with peroxide and phenol can 
be a successful approach for the enhanced removal of 
aromatic compounds from wastewater. Hence, the 
application of the BGP-mediator system in such a 
simple and effective process allows enzymatic treat-
ment of wastewaters to become an economically feasi-
ble and potentially superior method of wastewater 
treatment. The enzyme-phenol system seems to be a 
promising tool for the decolorization of even water-
insoluble disperse dyes. 
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Abstract Calcium alginate-starch entrapped bitter gourd peroxidase has been employed 
for the treatment of a textile industrial effluent in batch as well as in continuous reactor. The 
textile effluent was recalcitrant to decolorization by bitter gourd peroxidase; thus, its 
decolorization was examined in the presence of a redox mediator, 1.0 mM 1-
hydroxybenzotriazole. Immobilized enzyme exhibited same pH and temperature optima 
for effluent decolorization as attained by soluble enzyme. Immobilized enzyme could 
effectively remove more than 70% of effluent color in a stirred batch process after 3 h of 
incubation. Entrapped bitter gourd peroxidase retained 59% effluent decolorization 
reusability even after its tenth repeated use. The two-reactor system containing calcium 
alginate-starch entrapped enzyme retained more than 50% textile effluent decolorization 
efficiency even after 2 months of its operation. The absorption spectra of the treated effluent 
exhibited a marked difference in the absorption at various wavelengths as compared to 
untreated effluent. The use of a two-reactor system containing immobilized enzyme and an 
adsorbent will be significantly successful for treating industrial effluents at large scale, and 
it will help in getting water free firom aromatic pollutants. 
Keywords Alginate • Bitter gourd peroxidase • Concanavalin A • Entrapment • 
Immobilization • Starch 
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Introduction 
The wastewater generated from textile processing industries contains higher amounts of 
suspended solids, dissolved solids, unreacted dyestuffs, and other auxiliary chemicals that are 
used at various stages of dyeing and other processes [1]. Strong color of the textile 
wastewater is the most serious problem because it affects water transparency and, in turn, the 
photosynthetic activity in water bodies [2]. Numerous physical, chemical, and biological 
approaches have been employed for the removal of colored compounds from industrial 
effluents, but these approaches have some inherent demerits such as high cost, formation of 
hazardous by products, and intensive energy requirement [3, 4]. In order to overcome these 
problems, environmentalists have searched alternative procedures for their remediation. 
Enzyme-based procedures have attracted the attention of researchers as a potential and 
viable alternative to conventional methods due to their highly selective nature. Further, 
inhibition by toxic substances is minimal in enzymatic treatment, and the process can 
operate over a broad range of aromatic concentrations with low retention time [3]. Several 
limitations prevent the use of free enzymes as their stability and catalytic ability decreases 
with the complexity of the effluent [3-6]. Some of these limitations could be avoided by 
using enzymes in their immobilized form that can act as catalysts with long lifetime and 
high stability [5-8], thus, being a better alternative for wastewater treatment at large scale. 
Entrapment of enzymes with different polymeric materials along with their application in 
treatment of various pollutants has been studied [9]. However, appropriate selection of 
entrapment material specific to the enzyme and optimization of process conditions is still 
under investigation. The cost of material and its stability are also taken into consideration. 
Here an attempt has been made to use an alginate and starch hybrid gel for the 
entrapment of bitter gourd peroxidase (BGP) in its complexed form with concanavalin A 
(Con A). The effect of pH and temperature on the effluent decolorization by BGP has been 
evaluated. Immobilized BGP preparation has been investigated for its reusability and its 
textile effluent decolorization efficiency in stirred batch process as well as in continuous 
packed bed reactor. 
Materials and Methods 
Materials 
Ammonium sulfate, calcium chloride, silica, and starch were procured from the SRL Chem. 
Pvt. Ltd. Mumbai, India; o-dianisidine HCl was received from IGIB, New Delhi, India. 
Hydrogen peroxide was obtained from Merck Chem. Ltd. Mumbai, India. Jack bean meal 
was purchased from Loba, Chem. Co. Mumbai, India. Sodium alginate was the product of 
Koch-Light, England. The untreated cotton textile effluent was obtained from the cotton 
industry located in Sector 7, Noida, and U.P., India. Bitter gourd was purchased from the 
local vegetable market. Other chemicals and reagents used were of analytical grade. 
Ammonium Sulfate Fractionation of Bitter Gourd Proteins 
Bitter gourd (100 g) was homogenized in 200 ml of 100 niM sodium acetate buffer, pH 5.0. 
Homogcnatc was filtered through four layers of cheesecloth. The filtrate was then 
centrifuged at 10,000xg on a Remi R-24 Cooling Centriftige for 20 min at 4 °C. The clear 
supernatant was subjected to salt fractionation by adding 20-80% (vv/v) ammonium sulfate. 
0 Humana Press 
AppI Biochem Biotechnol 
The solution was stirred overnight at 4 °C and the obtained precipitate was collected by 
centrifugation at lO.OOOxg on a Remi R-24 Cooling Centrifuge for 20 min at 4 °C. The 
collected precipitate was redissolved in 100 mM sodium acetate buffer, pH 5.0, and 
dialyzed against the assay buffer [10]. 
Preparation of Con A-BGP Complex 
Jack bean extract (10%, w/v) was prepared by adding jack bean meal (10.0 g) in 100 ml of 
0.1 M sodium phosphate buffer, pH 6.2. The mixture was stirred at room temperature for 
12 h. Insoluble residue was removed by centrifugation at 3,000xg for 30 min. The clear 
supernatant was collected and was used as source of Con A. 
BGP (490 U) in ten batches was incubated with 10% jack bean extract (0.7 ml), and the 
final volume was adjusted to 2.0 ml with 100 mM sodium phosphate buffer, pH 6.2. The 
mixture was incubated at 37 °C for 12 h. The insoluble complex was collected by 
centrifugation at 3,000xg for 15 min at room temperature. The precipitate was washed 
thrice with sodium phosphate buffer, pH 6.2, to remove unbound protein. Con A-BGP 
complex (3,430 U) in 20.0 ml was crosslinked by using 0.5% glutaraldehyde for 2 h at 4 °C 
with constant shaking [IIj. 
Entrapment of Crosslinked Con A-BGP into Calcium Alginatc-Starch Beads 
The crosslinked Con A-BGP complex (647 U) in five batches was mixed with sodium 
alginate (2.5%, w/v) and starch (2.5%, w/v), and volume was made up to 20 ml with assay 
buffer. The resulting mixture was slowly extruded as droplets through a 5.0-ml syringe with 
attached needle No. 20 into 0.2 M CaCl2 solution. The beads were further gently stirred for 
2 h and suspended in 0.1 M sodium acetate buffer, pH 5.0. The obtained calcium alginate-
starch entrapped crosslinked Con A-BGP (2,560 U) was stored at 4 °C and further used [12]. 
Effluent Processing and Dilution 
The textile effluent was collected fi-om the industrial site situated in sector 7, Noida, (U.P.) 
India. The effluent was centriftiged and collected supernatant was further diluted with 
100 mM sodium acetate buffer, pH 5.0 until the effluent exhibited optical density of 
approximate 0.550. The A^ ax of the effluent was determined by using Cintra 10 e UV 
visible spectrophotometer. 
In various experiments, textile effluent decolorization was calculated as follows: 
I • • to/\ Absorbanceofuntreatcdcffluent-Absorbance after treatment 
Absorbance of untreated effluent 
Effect of pH on the Decolorization of Textile Effluent by BGP 
Effect of pH on the BGP catalyzed decolorization of effluent was monitored in the buffers of 
different pH; glycine-HCl (pH 3.0), sodium acetate (pH 4.0-5.0), and Tris-HCl (pH 6.0-
10.0). The molarity of each buffer was 100 mM. Effluent was treated with BGP (0.28 U ml"') 
in the presence of I.O mM 1-hydroxybenzotriazoIc (HOBT) and 0.72 mM H2O2 for I h at 
37 °C. Untreated effluent in each buffer was considered as control (100%) for the calculation 
of percent decolorization at each pH. 
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Effect of Temperature on the Decolorization of Textile Effluent 
The effect of temperature on the BGP-catalyzed decolorization of textile effluent was 
monitored at various temperatures (20-80 °C) in the presence of 1.0 mM HOBT and 
0.72 mM H2O2 for 1 h in 100 mM sodium acetate buffer, pH 5.0. Decrease in color of 
textile effluent after treatment by soluble and immobilized BGP was monitored at specific 
wavelength maxima. Untreated effluent incubated at each temperature was considered as 
control (100%) for the calculation of percent decolorization at this temperature. 
Effluent Decolorization Reusability of Immobilized BGP 
The textile effluent (5.0 ml) was incubated by immobilized BGP (1.4 U) for 1 h at 37 °C 
in the presence of 1.0 mM HOBT and 0.72 mM H2O2 in sodium acetate buffer, pH 5.0. 
After, the reaction enzyme was separated by centrifligation and stored in the assay buffer 
for over 12 h at 4 °C. The similar effluent decolorization experiment was repeated ten times 
with the same preparation of immobilized BGP and each time with a fresh batch of diluted 
effluent. The decolorization of effluent was monitored at a specific wavelength of 580 nm. 
The percent decolorization was calculated by taking untreated effluent as control (100%). 
Decolorization of Effluent in Batch Process 
The textile effluent (250 ml) was independently treated by soluble and immobilized BGP 
(37.5 U) in 100 mM sodium acetate buffer, pH 5.0 in the presence of 1.0 mM HOBT and 
0.72 mM H2O2 for varying times at 40 °C (Table I). Aliquots were removed at various 
indicated times and were analyzed for the remaining color at 580 nm. Untreated effluent 
was considered as control (100%) for the calculation of percent decolorization. 
Table 1 Decolonzation of textile effluent m batch processes at vanous limes. 
Time (mm) Decolonzation (%) 
S-BGP I-BGP 
30 22,16±1.14 3127»±J24 
60 28.43 ±1.98 39.69"±147 
90 33.45±0.67 47.93"* 1.37 
120 41.98±1.11 56.32''±1.57 
150 48.13±0.75 61.89"±1.65 
180 47.67±1.23 71.24"±1.13 
210 48.22*0.99 71.18"±0 54 
240 48.59*1.20 71.67"* 1.11 
Textile effluent was incubated with BGP (37.5 U) m 250 ml of 100 mM sodium acetate buffer, pH 5 0 in the 
presence of 0.72 mM H2O2 and 1.0 mM HOBT at 40 °C for 240 min 
"denotes that the values (P<0.05) were statistically significant when batch process/decolon^ation % 
catalyzed by immobilized 
BGP was compared to the batch process/decolorization % catalyzed by soluble BGP, with respect to time. 
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Experimental and Operational Procedure for the Treatment of Effluent in a Two-Reactor 
System 
A two-reactor system was developed for the continuous removal of colored compounds 
from textile effluent. First column (10.0x2.0 cm) was filled with immobilized BGP 
(1,162 U) connected to another column contained activated silica (10.0x2.0 cm). Activated 
silica was prepared by incubating 5.0 g of silica in an oven (120 °C) for 12 h and washed 
thrice with 20 ml of distilled water. The industrial effluent was diluted by 100 mM sodium 
acetate buffer (pH 5.0) containing 1.0 mM HOBT and 0.75 mM H2O2. which exhibited O.D 
0.550 (approximately). This mixture was passed through a two-reactor system at room 
temperature (30±2 °C) under the same experimental conditions as mentioned in the 
previous section. The flow rate of the column was maintained at 20 ml h~'. After every 
10 days, samples were collected and analyzed spectrophotometrically after centrifugation 
for the remaining color. 
UV-Visible Spectral Analysis of Effluent Treated in a Two-Reactor System 
Samples collected at various times from the two-reactor system were analyzed by UV-
visible spectrophotometer for the intensity of color as well as for their spectra. The intensity 
of the effluent color was measured at 580 nm. Spectra for the control and effluent treated by 
BGP in reactor were taken on Cintra 10 e UV-visible spectrophotometer (200-700 nm). 
Assay of Peroxidase Activity and Protein Estimation 
The activity of peroxidase was determined from a change in the optical density (A460 nm) by 
measuring the initial rate of oxidation of 6.0 mM o-dianisidine HCl in the presence of 
18 mM H2O2 in 100 mM sodium acetate buffer, pH 5.0 for 15 min at 37 °C [13]. 
One unit (1.0 U) of peroxidase activity was defined as the amount of enzyme protein that 
catalyzes the oxidation of 1.0 |a.mol of o-dianisidine HCl min~' at 37 °C. 
The protein concentration was determined using the procedure described by Lowry et al. 
[14]. Bovine serum albumin was used as a standard protein. 
Data Analysis 
All the experiments were performed in triplicates and twice. For each experiment, a reaction 
mixture without enzyme was prepared under the same conditions as mentioned in the text 
and was used to detect possible change of color, which was not due to enzyme activity. 
Decolorization of effluent by soluble and immobilized BGP was analyzed by one-way 
analysis of variance. Each value represents the mean for three independent experiments 
performed in duplicates, with average standard deviation, <5%. 
Results 
The collected industrial effluent was suitably diluted, and its absorption spectrum was 
recorded. The spectrum of effluent exhibited a maximum absorption at 580 nm (Fig. 1). All 
tiie effluent decolorization measurements were carried out at this wavelength. The effluent 
was found to be stable upon exposure to H2O2, enzyme, HOBT, calcium alginate-starch 
beads, activated silica, respectively. It was also recalcitrant to the combined action of BGP 
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Fig. 1 UV-v)s spectra of textile effluent 
and H2O2. Thus, we found that the effluent decolonization was due to combined action of 
BGP, H2O2, and a redox mediator, HOBT. 
Effect of pH 
Entrapped BGP showed efficient effluent decolorization in the buffer of acidic pH 3.0-5.0. 
Effluent was decolorized maximally 26% and 50% by soluble and immobilized BGP at pH of 5.0 
(Fig. 2). Subsequently, the color removal was significantly dropped from pH 6.0 onwards. 
Effect of Temperature 
Figure 3 demonstrates the effect of temperature on the decolonzation of textile effluent by 
soluble and immobilized BGP. Immobilized and soluble BGP could decolorize maximally 
52% and 26% effluent at 40 °C. However, above 40 °C, the rate of effluent decolorization 
was significantly decreased. 
Fig. 2 Effect of pH on the decol-
on/ation of the textile effluent by 
BGP The textile effluent (5 0 ml) 
was incubated with BGP (1 4 U) in 
the presence of 1 0 mM HOBT, 
0.72 niM H2O2 at 37 "C tor 1 h in 
the buffers of different pH The 
morality of each buffer was 
100 mM Symbols indicate 
treatment of effluent by soluble 
(circle), and immobilized 
(triangle) 
IOO-, 
80 
«« 
S 40-
& 
20 
< 
pH 
to 
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Fig. 3 Effect of temperature on the 
decolonzation of textile effluent by 
BGP The decolonzation of textile 
effluent by soluble and immobi-
li/ed BGP was earned out at 
various temperatures (20 80 °C) 
For symbols, please refer to legend 
of Fig 2 
100 
80 
I <o 
I 
20 
20 30 40 50 <0 
Temperature 
70 
Effluent Decolonzation Reusability of BGP 
In order to make immobilized BGP more practical in a reactor, it was necessary to 
investigate the reusability of immobilized BGP The effluent decolonzation reusability of 
immobilized BGP was continuously decreased on its repeated use (Fig 4) Immobilized 
BGP retained 59% effluent decolonzation activity after its tenth repeated use 
Decolonzation of Effluent in Batch Process 
Textile effluent was treated in a stirred batch process by BGP in the presence of 1 0 mM 
HOBT for vanous times at 40 °C resulted in a significant loss of effluent color 
Immobilized BGP could decolonze 71% of effluent color within 3 h of incubation, while S-
BGP could decolonze only 48% effluent under similar expenmental conditions (Table 1) 
Treatment of Effluent in a Two-Reactor System 
The performance of the two-reactor system in terms of effluent decolonzation has shown in 
Fig 5 The effluent was quite effectively decolonzed by immobilized enzyme present in a 
two-reactor system However, immobilized BGP decolorized 51% of the initial color from 
textile effluent even after 60 days of the operation of reactor (Fig 6) 
Fig. 4 Textile effluent decolonza-
tion reusability of immobilized 
BGP Immobilized BGP was incu-
bated with textile effluent for 1 h at 
37 °C in tnplicates Decolonzation 
of textile effluent was determined 
after incubation penod. Afler 
reaction, the immobilized enzyme 
was collected by centniugation and 
stored m assay buffer at 4 °C 
o\emight Next day, the similar 
expenmenf was repeated This 
procedure was repeated for ten 
buccesMve times 
• l-BGP 
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Fig. 5 Schematic representation of 
two-reactor system used for the 
decolorization and removal of 
colored compounds fix)m textile 
effluent. A column (10.0x2.0 cm) 
filled with entrapped BGP 
(1,162 U) was connected to a 
second column containing activated 
silica. Textile effluent having O.D. 
approximately 0.550 was continu-
ous passed into the reactor in the 
presence of 1.0 mM HOST and 
0.72 mM H2O2 for a period of 
60 days at room temperature (30± 
1). Effluent removal in two-reaclnr 
system was done under the same 
experimental conditions as de-
scribed in text 
Efitaeot 
£ " ! 
l i ; 
'A 
't"^ 
^W' 
% """'******^ ^ BGF 
Silica gd 
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Spectral Studies of Treated Effluent in Reactor 
A UV-visible spectrum of textile effluent before and after enzymatic treatment in two-
reactor system has been shown (Fig. 7). The decrease in absorbance peaks in UV-visible 
regions with respect to the number of days of operation showed remarkable variation in the 
absorbance at various wavelengths. 
Discussion 
Most of the studies on dye decolorization have been done in a defined media or synthetic 
wastewater where a single dye or their mixtures are usually present. However, industrial 
effluents are more complex due to presence of other contaminated substances along with 
colored compounds; under such conditions, the treatment of these pollutants is a difficult 
problem [15]. For the first time, an effort has been made to treat cotton textile industrial 
effluent by calcium alginate-starch gel entrapped BGP. In order to make this immobilized 
Fig. 6 Specfrophotometric mon-
itoring of effluent decolorization 
by two-reactor system. Effluent 
was treated in a two-reactor sys-
tem as described in text. Samples 
were taken after a gap of 10 days 
fi'om the reactor and were ana-
lyzed spectrophotometrically at 
580 nm for the loss of color from 
effluent 
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Fig. 7 Absorption spectra of textile effluent treated by immobilized BGP. Industrial effluent was treated in 
two-reactor system as described in text and their absorption spectra were recorded on Cintra 10 e 
spectrophotometer. The spectra in the figure arc labeled 
BGP preparation more successful for the large-scale treatment of aromatic pollutants 
present in complex form in industrial effluents, treatment of such compounds was 
optimized under various experimental conditions by BGP. 
To rule out the possibility of effluent decolorization due to adsorption of effluent on 
alginate-starch beads, a controlled identical reactor filled with calcium alginate-starch 
beads without immobilized BGP was developed under identical conditions as mentioned in 
the text for the enzyme-filled reactor (Fig. 5). The effluent was also passed through this 
reactor for a period of 1 month. There was no change in the color of the effluent after 
passing through this reactor. 
Thus, it is worth mentioning that the effluent was found to be stable upon exposure to 
treatment by either one of them; H2O2, enzyme, HOBT, calcium alginate-starch beads, 
silica gel. However, the textile effluent decolorization was a result of H2O2 dependent 
peroxidase catalyzed reaction in the presence of a redox mediator, HOBT. HOBT is N-OH 
group containing aromatic compound, and such compounds are oxidized by H202-mediated 
peroxidase, which in turn, acts as a charge-transfer mediator. Oxidized HOBT helped in the 
oxidation of recalcitrant aromatic compounds present in the textile effluent. These oxidized 
compounds either get adsorbed on an adsorbent or with time changed into insoluble 
polymers [16]. The prospect of using mediator (HOBT) is to offer important possibilities to 
either indirectly increase the range of compounds that can be oxidized through the direct 
action of enzyme or to offer multiple modes of attack on a substrate, thereby leading to 
enhanced conversion of target compound [8]. 
The schematic representation of enzymatic oxidation of recalcitrant substrate (Sub-H) by 
means of peroxidase and a >NO-H group containing redox mediator (HOBT) is given below; 
H2O2 ^ ^ ^ Peroxidase Sub-H 
Peroxidaseox^ ^ B > N O - H ^ ^ ^ Sub^ 
5,,.c Humana Press 
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In this study, the oxidation of effluents by H2O2 with peroxidase/N-OH type compounds 
(HOBT) has been described with optimal concentration of HOBT (1.0 mM) and this 
concentration was too less as compared to the redox mediators used in previous studies [17, 
18]. Li et al. [19] have reported the use of HOBT and violuric acid at concentrations of 
10 mM, which caused significant inactivation of laccase. It is evident from the literature 
that high concentrations of redox mediator may not be appropriate for wastewater treatment 
processes because of high cost of mediators, possibility of creating negative impacts on 
effluent toxicity, or in the environment upon their disposal into receiving waters [20], 
Maximum decolorization of effluent by BGP was found at pH 5.0 (Fig. 2). This implies 
that the immobilized BGP preparation has a higher stability against the pH variation owing 
to the protection of enzyme by immobilization. However, it has been demonstrated that 
entrapment of enzymes in gel beads provides a microenvironment of the enzyme, which 
played an important role in the state of protonation of the protein molecules [12]. 
The color removal efficiency by free and immobilized enzyme was increased with 
increasing temperature up to 40 °C (Fig. 3). However, at lower temperatures, relatively 
higher color removal was observed for the immobilized BGP. Improvement in the thermal 
stability of calcium alginate-starch entrapped Con A-BGP complex may come from 
multipoint complexing of peroxidase with Con A. However, some earlier workers have 
described that the complexing of enzymes with lectins enhanced its thermal stability. This 
enhancement in thermal stability was due to several interactions between enzyme and Con 
A. Thus, the results imply that immobilization protects the enzyme denaturation at higher 
temperatures [7, 21]. 
The advantage of immobilized enzyme does not lie only in increasing the stability but 
also in its reusability. Calcium alginate-starch entrapped BGP retained remarkably very 
high effluent decolorization activity (59%) even af^ er its tenth repeated use (Fig. 4). The 
activity loss of the entrapped BGP preparation after its tenth repeated use in effluent 
decolorization was appreciably much lower as compared to acid dye removal by 
polyacrylamide gel entrapped HRP where after fifth repeated reuse HRP retained only 
50% dye decolorization efficiency [22]. Our observations have suggested that calcium 
alginate-starch entrapped BGP has more advantages in removing higher percentage of 
color from industrial effluent. 
Immobilized BGP could decolorize more than 70% color of the effluent within 3 h of 
incubation in a batch process (Table 1). After 3 h, the increase in the rate of effluent 
decolorization was insignificant, which might be due to product inhibition. Thus 
immobilized enzymes were more effective in decolorization of industrial colored effluent 
as compared to soluble enzyme because they are protected against the inactivation caused 
by end product of the reaction [16]. 
In a two-reactor system, one of the reactor containing immobilized BGP and the other 
reactor filled with activated silica was operated for the continuous decolorization or 
removal of effluent. The reactor operated without operational problem and indicating high 
effluent removal efficiency (Fig. 6). Our results are in agreement with studies of earlier 
workers that the treatment of effluent containing aromatic compounds resulted in the 
formation of free radical, which could be easily removed by using an adsorbent in the 
second reactor [23, 24]. 
Removal of reaction product as insoluble complex is an important signal for the 
detoxification of aromatic compounds from wastewater. It has already been demonstrated 
that HRP and BGP can catalyze free-radical formation followed by spontaneous 
polymerization of a variety of aromatic compounds including phenols [16], chlorophenols 
[25], and dyes [7, 26, 27]. 
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In order to confirm the decolorization and removal of colored compounds from textile 
effluent through two-reactor system, spectral analysis became an miportant aspect to show a 
loss m these compounds after treatment with immobilized enzyme present in one of the 
reactor and adsorbent in the second reactor, where all the free radical compounds, activated 
products get adsorbed The decrease in absorbance peaks m UV-visible region provided 
strong evidence for the decolonzation of aromatic pollutants from wastewater (Fig 7) 
There was a complete decolonzation of the chromophoric group and a significant reduction 
in the peak associated with the aromatic nog. The disappearance of absorption peak m the 
presence of HOBT in UV-visible region was due to the formation of free radicals, which get 
adsorbed on the silica gel present in the second reactor [16, 23] 
Conclusions 
On the basis of the results obtained in the present work, it can be concluded that the system 
employed here is highly suitable for use in dye decolonzation This system was quite 
simple to operate, the oxidation and removal of colored pollutant via this double reactor 
could be performed without any problem Thus, it provides clear evidence regarding the 
suitability of such system for the application of immobilized enzymes at large scale for the 
treatment of water polluted with aromatic pollutants It has been found that reactor prepared 
with such immobilized BGP could be continuously operated for longer times 
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